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NOMENCLATURE 
Ar - reactor cross sectional area - cm^ 
b,r,s - stoichiometric coefficients 
(0^)^ - concentration of A in bulk fluid stream - mole/1 
(^4)2 - concentration of A at unreacted core surface 
(C^)^ - concentration of A at particle surface 
P Cg - rate of surface reaction mg S/cm -sec. 
CgQ - total sulfur concentration in the liquid phase mg S/1 
Dab - bulk diffusivity cm^/sec. 
2 Dg - effective diffusivity of ash layer cm /sec. 
F - liquid flow rate cm^/sec. 
K - thermodynamic equilibrium constant 
k - first order irreversible rate constant from shrinking 
. core model - cm/sec. 
kjjj - convective mass transfer coefficient cm/sec. 
k^ - Arrhenius equation frequency factor cm/sec. 
k^, kg, k^ - rate constants sec. 
Mg - mole weight of solid B gm/gm-mole 
Np - particles/cm^ 
3 P - rate of sulfur production mg S/cm -sec. 
Rep - particle Reynolds No. 
r - unreacted core radius-cm 
c 
r - grain (sub-particle) radius in composite particle 
S 
r^ - particle radius - cm 
T - reaction temperature 
t - reaction time - sec. 
iv 
V - reaction volume cm^ 
X - particle conversion 
X - apparent sulfur extraction (conversion) 
Z - axial reactor coordinate-cm 
e - packed bed void fraction 
Ep- intra particle void fraction 
P - specific density of particles of solid B gm/cm^ 
B 
T - dummy reaction time coordinate 
V 
ABSTRACT 
The effect of aqueous sodium hydroxide solutions on 
coal derived pyrites was investigated in a packed bed reactor. 
The ranges of the variables used in the investigation were: 
temperature from 250 - 420°P; particle size from 69 to 335 
micron; concentration from 0-10%; particle Reynolds number 
from 15 - 75. 
The results of the study indicate that at the conditions 
used, the reaction is chemical reaction controlled with an 
apparent activation energy of 21 kcal/mole and a frequency 
factor of 1.45 X 10 /cm/sec. The reaction rate is linear in 
sodium hydroxide concentration. No significant trends are 
evident with variations in particle Reynolds number. Particle 
size variations gave results consistent with a porous par­
ticle - shrinking core chemical reaction controlled model. 
The reaction products affect the rate of sulfur extraction 
causing a significant rate maximum to occur at low levels 
of product concentration in the liquid phase. Evidence 
suggests that a surface complex forms during the reaction, 
causing an induction period to be observed. Suggestions 
regarding the chemistry of the reaction are presented based 
upon experimental observations. 
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Comparative data generated with the same apparatus are 
presented on the reaction of sodium carbonate both with and 
without oxygen added. The rate of reaction on pyrite of 
sodium carbonate,with oxygen added,is comparable or superior 
to the sodium hydroxide results. 
The data presented establish the significant kinetic 
parameters in relation to the use of sodium hydroxide solu­
tions as a means of removing pyritic sulfur from coal. The 
specific rates of sulfur removal presented can be used for 
predicting reactor behavior subject to the limitations of 
the range of the variables studied. The data also provide 
insight into the fundamental character of the reaction of 
pyrite with alkaline solutions. 
1 
INTRODUCTION 
Iowa has substantial coal reserves, suitable for use as 
a boiler fuel except for an unusually high sulfur content. 
This work is a study on the effect of aqueous sodium hydroxide 
solutions on pyrite as related to coal desulphurization. The 
V 
objective of the work is to investigate the pyritic sulfur 
removal capability of aqueous alkaline solutions at modertate 
temperatures to provide the basis for further research in the 
area and comparison of alternative processes. 
Yurovskii (35) noted that US coals range in total sulfur 
content from 0.3% (Montana) to upwards of 9% (Colorado). Of 
the 26 coal producing states surveyed, Iowa coal had the 
highest average sulfur content: 5.08% sulfur was measured for 
Nodaway township coal. Clin, et al. (19) noted sulfur values 
for Iowa coal ranging from 2.0 to 6.3% on an as received basis. 
Sulfur in coal occurs principally as pyritic, organic 
or sulfate sulfur. Elemental sulfur is infrequently noted as 
being present (35). 
Pyritic sulfur, FeS^, can occur as cubic pyrite or 
rhombic marcasite. The more reactive marcasite differs only 
slightly in chemical properties from pyrite and is trans­
formed into pyrite upon heating. Pyrites can be found as 
large globules of crystals, striations between bedding 
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planes in the coal or as submicron particles dispersed in the 
coal matrix (lO). 
Organic sulfur can occur as mercaptans (RSH), sulfides 
are quite easily oxidized, sulfides are somewhat more stable 
and the aromatic thiophenes are by far the most difficult 
to decompose ( 9)• 
Sulfates, present usually in comparatively small quanti­
ties, are comprised principally of calcium and iron sulfate. 
Min and Beck (l8) reported the distribution of sulfur 
in three Iowa coals as shown in Table 1. 
Battelle Memorial Institute (Columbus, Ohio) (2 ) and 
the ERDA PittsburgEnergy Research Center (Bruceton, Pa.) 
(20) are both currently pursuing research on coal desulfuriza-
tion processes which employ aqueous sodium hydroxide at ele­
vated temperatures. Both processes claim substantial organic 
as well as pyritic sulfur removal. 
The work described here has been done principally with 
pyrite as the sulfur bearing phase to eliminate the effect 
of a large carbonaceous mass, as would be found in a coal 
particle. The work has been carried out using a packed bed 
reactor, caustic solutions beinp: continously passed through 
the bed. Experiments have been carried out to examine the 
(RSR*) or thiophene and derivatives. 1 Mercaptans 
1 
R and R' denote alkyl or aryl groups. 
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Table 1. Sulfur content of an Iowa Coal 
Sulfur Distribution - wt. % 
Coal Pyritic Organic Sulfate Total 
Star 3.33 2.26 .16 5.75 
Big Ben 2.05 0.37 .16 3.08 
Jude 3.12 2.27 .15 5.99 
effect on the reaction, rate of hydroxide concentration from 
2 to 10%, temperature from 250® to 420°?. oarticle size 
from 69 to 360 microns, particle Reynolds number and liquid 
residence time. 
Additional data from experiments with 5% sodium carbonate 
solutions at 420°? without oxygen and at 300°? with oxygen 
are compared to the hydroxide results. These data are shown 
in Appendix C along with some information on the effect of 
aqueous alkaline solutions on Iowa coal. 
The data presented establish the significant kinetic 
parameters in relation to the use of sodium hydroxide solu­
tions as a means of removing pyritic sulfur from coal. The 
specific rates of sulfur removal presented can be used for 
predicting reactor behavior subject to the limitations of 
the range of the variables studied. The data also provide 
insight into the fundamental character of the reaction of 
pyrite with alkaline solutions. 
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LITERATURE REVIEW 
Pyrite in a coal matrix and relatively pure pyrite have 
both been used to study its reaction with sodium hydroxide 
The current interest in the reaction is due to work at 
Battelle Memorial Institute, Columbus, Ohio. Although not 
as attractive at this time as it was a year ago, the reaction 
is still a candidate for a commercial process. The informa­
tion available from Battelle is very general; claims of up to 
99% pyritic and 70% organic sulfur removal ( 2) make the 
process appear attractive. The coals reported on were eastern 
coals, in general of a higher rank than Iowa coal. The con­
ditions of the Battelle experiments were 10% NaOH/2%Ca(OH)2 
and temperatures from 430 to 650®F, with appropriate operating 
pressures. 
The Battelle process is very similar to a German process 
(2A) studied during the late 30's to deash coal for use as 
carbon electrode stock. The German process operated at lower 
temperatures (50°C) and lower caustic concentrations (=3%). 
Floated coal ash levels were reduced from 0.76% to 0.26% by 
treatment with caustic solution and subsequent washing with 
hydrochloric acid to remove sodium. No sulfur removal other 
than associated with the ash was reported. 
Stevens (27) proposed that pyrite reacts with aqueous 
sodium hydroxide as follows : 
5 
SPeSg + 30 NaOH ^ 
^FegOg +14 NagS + NagSgOg + ISHgO. 
Tai (29) reported a 17% reduction in sulfur with -200 
mesh pyrite after 1 hour in IM NaOH at 65®C in a batch system. 
Experiments at other temperatures indicated that the activation 
energy for the system was about 2.4 kcal./mole at 65°C. 
Most of the previous work has been done using pyrite 
dispersed in the coal matrix in lieu of relatively pure 
pyrite. 
Reggel et al. (20) conducted extensive experiments on 
the action of aqueous alkaline solutions on coal sulfur. 
They were able to lower the ash and pyritic sulfur content 
of a 200 mesh Illinois No. 6 coal from 9-3 and 1.1» to .7 
and .1%, respectively, with 91.5% recovery of coal using a 
10% aqueous NaOH solution for 2 hours at 225°C. During the 
course of their work they noted an erratic increase in the 
organic sulfur content of the product, even accounting for 
loss of ash and pyritic sulfur. They were unable to satis­
factorily explain this, although they commented on the pos­
sibility of this being an analytical error, since organic 
sulfur is normally obtained by difference. 
The probable effect of the process on the coal, aside 
from desulfurization, is indicated by a number of studies, 
most originally concerned only indirectly with desulfuriza­
tion. Aqueous alkaline solutions are known to degrade coal. 
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the extent depending on solution concentration, temperature, 
and grade of coal. The extent normally increases with in­
creasing temperature and caustic concentration and decreas­
ing coal rank. Alkaline hydrolysis is a commonly used tech­
nique in investigations related to the chemical nature of 
coal (11). Typical products from such work are aryl acids. 
Schneider (21) noted that with "pea size" samples of 
a lignite coal at 150°C in an unspecified NaOH solution, 
only 17^ of the lignite remained undissolved after 2 hours. 
Kasehagen (13) reported recovering 96.5% of a bit­
uminous coal sample with lower oxygen and hydrogen values 
than the original coal after a 24 hour treatment with 5 N 
NaOH at 250°C and 450 psig (no oxygen). He also observed 
that the lower limit of the plastic range of the coal was 
reduced from 390°C to 275°C. Residue hardness increased 
and pore size decreased with increases in either tempera­
ture or alkali concentration. 
Howard (il) proposed that the lowering of the plastic 
range of the coal might be due to incipient hydrogénation 
reactions on the surface of the particles. He reported that 
lower rank coals decompose more readily than higher rank 
coals. 
Masciantonio( 15), using molten caustic (1:1 KOH: NaOH), 
noted that after 30 min. at 200°C, 90-95% of a Pittsburgh 
coal :s recovered, but only 52% of a Wyoming Coal. No sig-
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nificant reduction in pyritic sulfur below 150°C and no or­
ganic sulfur removal below 225°C was observed with -40 + 1/4 
in. coal. 
Tai (30) noted a 5% coal weight loss after 2 hours at 
100°C in 2% NaOH. 
Crewe, Gat and Dhir (3) recorded a reduction in the 
cakinp; and agglomerating properties of a bituminous coal 
when treated with sodium carbonate or hydroxide, but the 
process was reversible, i.e. subsequent leaching out of the 
impregnated additive would at least partially restore the 
original properties. 
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EXPERIMENTAL 
Apparatus 
The apparatus was a packed bed reactor, fed from a 
variable stroke plunger pump. Figure 1 is a schematic of 
the process portion. Complete details of the apparatus are 
discussed in Appendix A. 
Liquid reactant was fed to the system from a 4 liter 
(1)1 ( 2 )  
Pyrex flask through the pump and heated to reaction 
C5) temperature in the inlet heating coil which was immersed 
in a constant temperature fluidized sand bath. Solid reac­
tant was packed in the tubular reactor^and held in place 
with stainless steel screens. The fluid stream was cooled 
C7) 
at system pressure by the exit cooler •- Liquid samples 
were collected in glass flasks^^^^. 
Pressure was monitored upstream and downstream of the 
( 2i z S ) 
reactor by two stainless steel bourdon tube gages 
( 9 )  
and was manually controlled by a needle valve • Thermo­
couples located in the sand bath provided an indication of 
process temperature, earlier observations indicating that 
process temperatures approached bath temperature to within 
the accuracy of the measurements (+ 5°P). Sand bath tempera­
ture thermocouple output was recorded on a Bristol recording 
potentiometer. 
^ Numbers refer to items on Figure 1. 
Figure 1. Process system schematic 
1. Reagent feed flask 
2. Variable stroke plunger pump 
3. Pulsation dampener 
4. Upstream pressure gauge 
5. Inlet heating coil 
6. Reactor tube 
7. Exit cooling coil 
8. Downstream pressure gauge 
9. System discharge Valve 
10. Sample collection flask 
11. Electrically heated fluidized sand bath 
TC 
P=pressure measurement 
TC=thermocouple 
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Pressure pulsations generated by the reciprocating 
pump were damped by using a pnuematic accumulator^^^. 
Experimental Procedure 
Details of the experimental procedure are discussed 
in Appendix 3. 
The entire process system was filled with deionized 
water prior to reactor insertion < Solid reactant was 
was 
(11) 
( 6 )  
charged to the tubular reactor and the reactor 
sealed and inserted into the fluidized heating bath 
After reactor insertion the system was pressurized to 
one-half to three-quarters of the anticipated operating 
pressure, the level depending on the flow rate planned for 
the run. Nitrogen fed through the accumulatorwas used 
for the pressurization. 
Deionized water was then pumped to the system for a 
period of ten minutes to allow pressure and temperature 
readings to stabilize. Sampling commenced as soon as the 
system reached the desired pressure level, usually on the 
order of one to three minutes. At the end of the ten minute 
period, the pump feed source was switched from the deionized 
water tank to the reagent flask. 
Liquid effluent samples were collected in glass flasks, 
the weight collected being determined by difference. The 
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initial and final times were recorded and note taken of 
system temperature and pressure. Spot checks were made on 
the density of the samples to allow accurate volume calcula­
tions to be made. 
Sulfur compounds present in the liquid samples were 
oxidized to sulfate and titrated for sulfate, the results 
being reported in milligrams sulfur per liter of solution. 
The solid residue was weighed and sent out for analysis of 
total sulfur and iron. 
Pyrite Samples 
The pyrite modules used in these experiments were found 
in the strata Just above and next to the lower coal seam on 
ISU Demo Mine #1. The nodules were cleaned, crushed, ground 
and screened to the desired size. Portions of the desired 
size range were further treated by running them through a 
sample splitter and the resulting 20 gm. portions individual­
ly stored in 1 oz. sample bottles. No effort was made to ex­
clude air from the bottles, although they were tightly sealed. 
The analyses of the pyrites used are shown in Table 2. Since 
pure pyrite is about 53% sulfur, it is obvious that some im­
purities were present in the pyrite. 
A qualitative analysis of the pyrite by means of x-ray 
fluoresence indicated that aluminum and silicon were the 
principal impurities followed by chromium, titanium, calcium. 
13 
barium, copper, magnesium, manganese, with traces of gold 
and cobalt. Sodium and potassium were not searched for. 
Table 2. Pyrite analyses 
Wt. % Sulfur 
Sample US Mesh 
Size 
Total Sulfate Pyritic Organic^ Wt. % 
Pe 
(Old) -200 
+230 
40.08 ——b 38.83 ——b 38.00 
530 -100 
+120 
41.80 —b —b —b —c 
750 -40 
+60 
40.30 .22 43.55 -3.47 42.9 
760 -200 
+230 
41.20 ~b —b —b ——b 
^Obtained by difference. 
^Not reported. 
^ Insufficient sample. 
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RESULTS AND DISCUSSION 
Introduction 
The results of the experimental work will be presented 
by first discussing the typical form of the data and possible 
inferences that can be drawn from it. Possible reaction 
paths are discussed and estimates of their thermodynamic 
feasibility are presented. 
The elements of the shrinking core particle model are 
shown. Rate data is presented as both the results of cor­
relation using this model and the slope of a straight line 
characterization of the conversion-time data. Finally, a 
numerical solution to the reactor equations is presented to 
illustrate particle conversion behavior in the bed. 
During the experimental work a number of runs were made 
at base conditions of h20°F with a 5 gm charge of -100 + 120 
US mesh (138 y dia.) pyrite particles. The liquid phase 
was a 5% NaOH solution fed at 1.63 ml/sec. Experiments 
were carried out at the same conditions except using tempera­
tures of 350 and 300°?. Concentrations of 2 and 10% were 
run to compare with the base conditions, as were average 
particle sizes of 69, 275 and 335 microns. Charge sizes of 
10 and 15 gms were used, and liquid flow rates of 2.4 and 
4.9 ml/sec. The conditions and results of the sodium hydroxide 
runs are shown in Appendix D. 
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Typical Experimental Results 
The principal experimental data generated were apparent 
sulfur conversion (X) versus reaction time (t). The term 
apparent conversion is used because there is reason to believe 
that the local particle conversion varied with position in 
the reactor, as well as with reaction time. Typical effluent 
sulfur concentration versus time (measured values) and ap­
parent conversion versus time (calculated from measured 
values) will be presented and discussed. The reproducibility 
and reliability of the experiments are discussed later and 
are, under any interpretation, adequate to demonstrate the 
trends occurring with variations of temperature and hydroxide 
concentration. However, an apparent aging effect, the 
measured rate appeared to drop off as the age of the feed 
solids increased, tended to cloud the interpretation of the 
(V/F) data and, to an unknown extent, the particle size in­
formation. 
Some observations made during the experiments of the 
appearance of the liquid and solid samples were believed to 
provide clues to the chemistry of the reaction and will be 
presented with possible interpretations. Other observations 
will be presented without interpretation simply because they 
appeared to be unusual at the time, and were not easily 
explainable in terms of apparatus malfunction. Possible 
16 
\ 
reaction paths based on both the quantitative and qualita­
tive observations will be presented. 
Concentration-time data 
The raw data from the experiments were liquid sample 
sulfur concentration CC^^) expressed as mg S/1 versus ter­
minal sample time, i.e., the time, based on 0 seconds at 
"pump-on", at which collection ceased for a given sample. 
A typical curve showing sample sulfur concentration versus 
terminal sample time for run 71 is reproduced on Figure 2. 
Data taken at other conditions varied in magnitude; however 
the trends evident in Figure 2 were typical of the majority 
of the hydroxide runs and the sodium carbonate runs as well. 
Figure 3 represents a hypothetical instantaneous curve 
based on the data shown in Figure 3. Note that the 
curve would represent instantaneous data and so would 
not always match the measured points which are in 
effect a time average over the sample period. Also note 
that CgoCmg S/1)is a rate, because if it is multiplied by the 
liquid flow rate, the result is mg S/sec. leaving the 
reactor, i.e. being extracted from the pyrite. 
Prior to peak A on Figure 2 and 3, the liquid collected 
had never been exposed to pyrite, serving only to occupy 
volume in the system to minimize the pressure transient at 
start-up. Liquid from this region typically contained 0-3 
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420°? 
320 psig 
5% NaOH 1.63 ml/sec. 
5 gm charge 
-100 +120 US mesh 
Pyrite (ID530) 
4001 
300-
lOO 
B C 
200-
0" 
o 
1 
1000 2000 3000 4000 
Terminal Sample Time - Sec. 
Figure 2. Sample sulfur concentration vs. terminal sample 
time for run 71 
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) 
A B C 
§ 400-1 
CO 
CD 
o- 100-
E 
H— 1 1 I I 
0 1000 2000 3000 4000 
Time-sec. 
Figure 3. Estimated instantaneous sample sulfur concentration 
vs. time 
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mg S/1, probably leached from the tube walls of the system. 
(A black film that formed on the tube wall where the stain­
less steel or Inconel was exposed to hot sulfide was probably 
nickel sulfide). 
Point A indicates the time of appearance of the air 
bubble that was trapped in the reactor assembly before it 
was inserted in the sand bath. The peak is probably a rapid 
leach of water soluble sulfur, perhaps sulfate or soluble 
sulfide. The liquid collected during the period of the peak 
was dark brown and formed a flocculent precipitate upon 
standing. The odor of hydrogen sulfide was evident, and oc­
casionally the smell of sulfur dioxide was present. The brown 
color and the accompanying precipitate went away within 30 
seconds after the bubble, the odor remaining during the de­
caying rate period (A) to (C). The smell may be due to the 
reaction of water with elemental sulfur, essentially the re­
verse of the well-known Claus process for acid gas treatment 
2H S + SO^-^SS® + 2H2O. 
Runs made with deionized water indicated that the rate with 
water feed would eventually decrease to a constant value of 
about 6 mg S/1 and would remain there Indefinitely. 
Point B shows the time at which the feed was switched 
from deionized water to sodium hydroxide. No change was 
noted in liquid sample appearance until time C when a very-
dark liquid, corresponding to the first hydroxide through 
20 
the system, was collected. Sample flasks were changed im­
mediately upon arrival of tho water/hydroxide interface at 
the sampling point. 
The first hydroxide sample collected after time C was 
an opaque black and typically had a "thick" appearance, i.e., 
appeared to be more viscous than a reacted solution. Soon 
after collection a black precipitate could be observed in 
the sample. The black color may be due to the presence of 
both +2 and +3 iron compounds in the solution (24) or to FeS 
being precipitated in very finely divided form by the reaction 
+ Fe(OH)g Z>FeS + 2 OH". 
The equilibrium for this reaction is strongly to the right at 
77°F and FeS is nearly insoluble in cold alkaline solutions. 
The first sample consistently had a higher sulfur content 
than later samples. A smaller first sample would exhibit a 
higher sulfur concentration due to less dilution. 
The peak after C was present with NagCO^ as well as with 
NaOH. The area under the peak was relatively independent of 
alkali concentration and type and reaction temperature. Ex­
periments with sodium carbonate solutions using short sample 
collection times indicated a trend of increasing initial rate 
with increasing carbonate concentration. Sample periods on 
the hydroxide runs were generally of a duration such that any 
21 
subtle trend would have been suppressed, however it was 
obvious that the extent of the effect with temperature 
and concentration was much smaller than that observed later 
in the run. The water soluble peak A accounted for about 2% 
of the total sulfur, the peak after C for another 4-6% 
for all types of alkali, temperatures and concentrations. 
One possible explanation for the peak after C is the 
washout of an alkali soluble - water insoluble impurity in 
the pyrite sample. Table 2 indicated that for a -200 +230 
mesh sample, the pyritic sulfur was 38.85% and the total 
sulfur 40.08%, with 38% iron. These numbers indicate the feed 
solid to be about 68% pyrite and either 10% FeS or 17% 
PeSOy, or a mixture of FeS and PeSO^. These sulfur bearing 
impurities would account for less than 2% of the sulfur. 
An alternative explanation is offered by SEM photos 
taken of some -40 + 60 US mesh particles, both untreated and 
exposed to hydroxide solutions in the reactor. An extensive 
internal void system could be observed at 200X magnification, 
the particles having the appearance of being made up of a 
multitude of variously sized subparticles pressed together 
in an apparently random fashion with no regular crystal 
patterns being obvious. At 2000X, the surface of the par­
ticles, both external and internal, appeared to be covered 
with smaller particles having a diameter on the order of 4 
microns. The smaller particles on the untreated samples 
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appeared solid, no porosity being evident, and displayed 
a number of flat sides and sharp corners without giving a 
regular crystalline appearance. The smaller particles on 
the treated samples gave the appearance of at least a much 
more textured surface, if not actually displaying surface 
porosity. The two pictures that were compared gave the im­
pression that perhaps the number of particles present had 
been reduced somewhat by treatment, the untreated surface 
being thickly populated. It is possible that the smaller 
particles could act as extended surface, being rapidly 
consumed at the beginning of the reaction. 
A decrease in sulfur concentration in the liquid was 
observed after the first hydroxide sample (C), the level 
then rising again (D) before tapering off (E). On the runs 
made at 350°P or above, and also on runs made at V/P of 1.4 
or above, the black color quickly turned to a transparent 
dark green which gradually lightened as the run proceeded. 
Below 350°? or below a V/P of 1.4, the samples quickly turned 
bright transparent yellow after the first black sample. The 
green color is probably due to the presence of +2 iron com­
pounds . 
The rate curve expected from a simple leach process of 
soluble material superimposed on a decreasing area surface 
model is shown schematically below, the dotted line in­
dicating the experimentally observed behavior. 
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Cso' 
(or apparent 
rate ) 
Time 
The implication is that, following the peak at C and the 
subsequent sharp drop, something is allowing the rate to in­
crease, instead of decreasing or remaining constant as would 
be expected. 
Table 3 shows the volume occupied by several possible 
products, as well as pyrite. If FefOHjg were an intermediate 
nroduct, a pore closing effect would take place. Subsequent 
conversion of the Pe(OH^to the sole observed solid product. 
1 
Table 3. Volume requirements per equivalent mole.' 
(based on iron retention in solid) 
Compound Density 
g/cm3 
Mole wt.. cm^/equi-
valent mole 
Pe^Os 5.24 160 15.2 
Fe(0H)2 3.40 90 26.5 
PeSg 5 120 24 
Pes 4.74 88 18.6 
obtained 
CRC Publishing 
''roTi ""andbook 
Co. 
of Chemistry and Physics", 
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a-FegOg, would open the pores up, increasing the effective 
area available for reaction and the observed rate would in­
crease until the effect of the consumption of the solid re-
actant would cause a net decrease. This would correspond to 
the observed behavior. 
Alternatively, the increase in rate during D could be 
generated by an active immobilized intermediate deposited 
on the surface, the low rate period being termed an induc­
tion period. If the rate at which the active intermediate was 
formed was dependent on the concentration of one of the prod­
ucts in the liquid phase, a rate versus V/P curve similar 
to that obtained from the experiments could be generated. 
The falling rate period (E) is typical of a solid-fluid 
reaction where a limited amount of solid is being consumed. 
Conversion-time data 
The values of sample sulfur concentration presented 
are a relative measure of the rate of extraction of sulfur 
from the solid since, if instantaneous versus time in­
formation is available, 
dic/dt = 1.14 X 10"^ C /(V/P) sec.-l. 
so 
The equation is based on 40% sulfur in the charge solid and a 
liquid density of 1.05 gm/ml. 
Conversion-time data for the run previously discussed, 
run 71, made at 420°P with 5% NaOH is shown on Figure 4. A 
sample calculation is shown in Appendix B. 
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Figure 4. Sulfur conversion vsv time data for run 71 
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For comparison. Figures 5 through 10 show X vs. t data 
and corresponding concentration-time data from runs that il­
lustrate deviations from the more typical result of run 71. Run 
59 (Figures 5 and 6) was made using a 10% sodium hydroxide 
solution. The rapid jump in conversion (peak C, Figure 3) is 
not evident in this run, although a rate increase after 
the first hydroxide sample can be seen in the curve. Run 74 
(Figures 7 and 8) was made with a 300°F reaction temperature. 
In this case the early jump in conversion was evident, but 
the rate increase was not. If the rate increase observed in 
other runs was a function of conversion, i.e., was dependent 
on the amount of a solid intermediate present, or the extent 
to which an intermediate had been converted to final product, 
the lack of a noticeable rise is understandable, the net con­
version after the early jump (after 1100 sec.), being on the 
order of 2%. Another possible explanation would be that, 
if the active intermediate was subsequently consumed, the re­
lative rates of the two reactions at this temperature could 
be such that effectively no intermediate was present. 
Run 84 (Figures 9 and 10), at the same conditions as run 
71 except a three times higher flow rate, shows a rate curve 
continuing to increase out to the terminal conversion of about 
35%, whereas the rate began to fall in run 71 at about 27% 
conversion. The overall rate of conversion was about H0% 
lo.wer than run 71. The change in X - t curve shape here 
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Figure 5. Conversion vs. time data for run 59 
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Figure 10. Sulfur concentration vs. time data for run 84 
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could be due to fluid contacting problems, the subject 
trend being less obvious in run 83 which was made at the same 
conditions, or it could indicate that a reaction product 
was entering into the sulfur extraction rate process.^ The 
rate data from both runs was substantially the same. On 
both runs 84 and 83 the color of the liquid sample after the 
first dark sample was recorded as a bright yellow instead of 
the usual dark green. The same was true of run 74. This 
indicates the absence of +2 iron in the solution, possibly 
pointing to a ferrous iron compound as being the active in­
termediate in the solid phase since absence of the ferrous 
compound dissolved in the liquid phase was usually associated 
with lower conversion rates. 
Iron extractions 
Iron was extracted from the pyrite as evidenced by 
Figure 11, a plot of terminal iron extraction versus terminal 
sulfur extraction for a number of runs. The iron values 
were obtained by analysis of the solid residue from the 
experiments. The data indicate an increasing iron extrac­
tion with increasing sulfur extraction. FeS is slightly 
The higher flow rate would dilute the sulfur concentration, 
the exit sulfur concentration at a given rate of conversion 
being about 1/3 the value that would be observed at the 
lower flow rate. 
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soluble In hot alkaline solutions, on the order of .5 
gra/l, a value sufficiently large to account for the observed 
iron extractions. Also, PeÇOH)^ may dissolve slightly in the 
solution. A third possibility is the exposure, from con­
sumption of part of the pyrite particle, of soluble iron com­
pounds inside the particle. 
Figure 12 shows sulfur and iron concentrations versus 
time for run 51. This run was started on Ng instead of water, 
and so any water soluble sulfur or iron compounds were in­
cluded in the first hydroxide peak. Note that there is a 
peak in both the iron and sulfur extraction rates corres­
ponding to the first liquid through the system. Although 
the characteristic drop and rise in rate are evident on the 
sulfur figures, the iron values, obtained by use of a Perkin-
Elmer model 290 atomic absorption spectrophotometer on 
acidified liquid samples, exhibit a continually decreasing 
rate. This behavior would be expected from a washout of 
soluble material, or any process where the rate was dependent 
on the amount of solid present. The total iron extracted in 
run 51,as calculated from the results of the liquid analysis, 
is about U%, lower than the 9% final iron extraction cal­
culated from the results of the solid residue analysis. 
The solid residue from the runs was primarily a black 
granular solid, of approximately the same exterior dimensions 
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as the feed solid. The particles from most of the runs were 
strongly magnetic, a magnet attracting all but a very few 
particles. Analysis of an x-ray diffraction spectra of the 
solids indicated that all the observed lines could be ac­
counted for by the presence of pyrite and 0-^620^. No strong 
lines were observed for PeS or PeO and two characteristic 
lines for PegO% were missing. Although a-PegO^ is not normally 
magnetic, it can be made so by heating in a reducing atmos­
phere. 
Possible Reaction Paths 
Efforts to analyze the sample solutions for thiosul-
fate, sulfide and sulfite by the method described by Karchmer 
and Dunahoe (12) were unsuccessful, the results being very 
inconsistent and contradictory. Earlier attempts at using 
the sum of separate sulfide and sulfate determinations for 
total sulfur also proved unreliable. Without knowing what 
the primary reaction products are, any attempt at suggesting 
a mechanism is purely speculative. However, a few reactions 
that are within the realm of possibility can be written that 
will account for some of the observed behavior and illustrate 
the problems associated with the determination of primary 
reaction products. The group presented here is not intended 
to be exhaustive, nor is it presented as the most likely set. 
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As a first step in the conversion of the pyrite, a base 
catalyzed cleavage of the pyrite such as 
PeSg^O^ >FeS + S° I 
could be imagined. The zero valence sulfur would not be 
stable at the pH of the solution and a rapid transition 
could be anticipated. The equilibrium of reaction I is 
strongly to the left (In K = 13), but providing the prod­
ucts are consumed, the reaction could still proceed to the 
right. 
The PeS may dissolve in hot alkaline solutions or com­
bine with hydroxide ion to form sulfide 
Pes + 2 0H^^e(0H)2 + S" II 
A In K of-0.3 at 420°P would indicate substantial quantities 
of PeS and PefOHjg could both be present at equilibrium, 
and the further tendency of Fe(011)2 convert to PegOg via 
the path 
S® + 2 Pe(0H)2+ 2 0H^^2 Fe(OH)^ + S== (In K =10) m 
2 Pe(OH)g-^PegO^ + 3 H^O (In K =20) ' IV 
would justify reaction II as a likely candidate. 
The zero valence sulfur not consumed in reaction III 
can disappear by any of three paths: 
3 S° + 6 0H^^2S~+ 3 HgO + SO^^ (In K =37) V 
4 S° + 6 OH"^—^2S~+ 3 H^O + (In K =4?) VI 
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4 S° + 8 0H~-^2S + n HgO + SO^" (In K +60) VII 
The presence of one or more of these oxidized sulfur 
compounds in the liquid samples would be inconclusive evi­
dence of path since equilibrium composition would favor a 
mixture of substantial quantities of all three. Sulfite 
can combine with zero valence sulfur, 
S° + VIII 
equilibrium strongly favoring the thiosulfate. Generation 
of small quantities of sulfite in the liquid might increase 
the overall rate, accounting for the observed rate versus 
V/P data that will be presented later. 
The overall reactions using paths V - VIII are 
6 FeSg + 2U OH^SOj + 11 S= + 3 FegO^ + 12 HgO IX 
8 PeSg + 30 011^8202+ 14 + 4 FegO^ + 15 H^O X 
8 FeSg + 32 OH^SO^^^ + 15 + 4 PegO^ + I6 HgO XI 
Ln K versus T information for these reactions is shown 
on Figure 13. Note that the equilibrium shifts from un­
favorable to favorable for reactions IX and XI around 250°F, 
possibly explaining the sharp break between 250 and 300°F 
in the rate - temperature data that will be presented later. 
An alternate first step in the path could be 
FeS^ + 2 OH^-^FeCOH)^ + XII 
leading to the generation of a polysulfide product. During 
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Figure 13. In of equilibrium constant (K) vs. reaction 
temperature °F 
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one set of early experiments, the addition of cation exchange 
resin in the hydrogen form to a liquid sample caused the 
solution to turn white. This was thought to be*milk of sul­
fur" , an indication that polysulfide had been decomposed 
+ S°, 
the white color being derived from finely divided free 
sulfur in the solution. 
Further tests were not made since, if the white color 
was derived from free sulfur, it could also have been gener­
ated after the addition of the resin. 
Characterization of the conversion-time data 
As is evident from the X - t plots illustrating typical 
results (Figures 4, 6, 8 and 10), a straight line will ap­
proximate the data fairly well up to a conversion of about 
50% (or terminal conversion if less than 50%), with the ex­
ception of the initial Jump in conversion. The data on sodium 
carbonate (Appendix C) can also be approximated with a 
straight line. Because of this, and in lieu of a more precise 
characterization such as specific reaction rate, the slope of 
a least squares straight line through the X - t information 
between 10 and 40% conversion was used to characterize the 
data sets. It will be shown later that the equation for a 
first order reaction controlled shrinking core model can 
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also be used to represent much of the data. However, be­
cause some of the X - t information at low V/P appeared 
to have a positive second derivative, as opposed to the 
negative second derivative of the model, dX/dt will be 
used to display and discuss this data. Using the specific 
rate constant (k) from the shrinking core model does not 
alter the interpretation, but is believed to be slightly less 
representative of some of the data. 
At a fixed level of conversion, dX/dt and k are pro­
portional for fixed particle size and solution concentra­
tion, plots of either one versus the parameter of interest 
differing in general by a scale factor (although a minor 
change in position can be noted with some data). Values of 
k alone will be used to present the temperature and flow 
rate information, both k and dX/dt are presented for the 
particle size and concentration data, while dX/dt alone 
is used for demonstration of reproducibility and the discus­
sion of the (V/P) results. 
Reproducibility and reliability of the data 
Demonstration and discussion of the reproducibility and 
reliability of the data would be very straight-forward were 
it not for the V/P results where interpretation requires 
that fairly small differences in rate be considered signifi­
cant. The aim here will be to establish that the X - t 
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data presented are reasonably correct as to absolute values, 
that they are quite reproducible (on the order of + 5%), 
and that the probability of a single run being significantly 
different from the correct value is relatively low. This 
will be done by considering the solid residue analysis, the 
results of repeated runs and the incidence of "bad" runs. 
The solid residue from the runs was generally analyzed 
for total sulfur and iron. The results of the analyses 
indicated that the sulfur balances were on the order of + l6%. 
The majority of the residue total sulfur values came from x-
ray fluorescence data originally extrapolated from a cali­
bration curve made for coal containing much lower levels of 
sulfur. The calibration curve was corrected by analyzing 
duplicates of some of the samples by the ASTM coal sulfur 
method, the Eschka fusion method. 
A perhaps extreme example of the comparison of the two 
methods, x-ray fluorescence and Eschka fusion, at other 
than calibration points is indicated by the results of run 
73- The value of 51.9% total sulfur in the residue found 
from x-ray fluorescence compares to U0% from the Eschka 
fusion method. This would change the unaccounted-for-sulfur 
from -15.9% to +8.3%, + unaccounted-for-sulfur Indicating 
less sulfur recovered than was charged. A similar compari­
son on run 58 changed the sulfur balance from -9.1% to +9.5%. 
The x-ray fluorescence method has been discontinued for 
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pyrite analysis. 
The Eschka fusion method was believed accurate to within 
+ .1/5 of total sulfur, and if only the runs based on Eschka 
values were compared, the sulfur balances are consistently 
5 to 15% low. This would imply that, if the solids analysis 
was as accurate as was claimed, the experimental procedure 
for collecting and analyzing liquid samples was yielding X - t 
data 5 to 13% lower than actual values, within acceptable 
limits. No explanation is available as to the source of the 
systematic error. 
The reproducibility of the experiments was originally 
considered to be demonstrated by the results of runs 63, 67, 
71 and 72, all at the same conditions of 420°?, 3% NaOH, 
1.63 ml/sec. liquid rate and a 5 gm solids charge (see Table 
D1 Appendix D). The dX/dt values from these runs have a mean 
of 1.99 with a maximum deviation of slightly over 5%- Later 
runs (Nos. 93 and 95) at the same conditions using the same 
pyrite (ID# 530) produced dX/dt values about 20% lower. 
Run 82, with a larger charge size and flow rate, but the same 
V/P, temperature, concentration and pyrite, was about 10% 
lower than the original runs. The dX/dt values for these 
runs are shown on Figure l4, a plot of dX/dt versus elapsed 
time since the first run was made. Also shown on the graph 
are three runs (No. 9U, 96 and 97) made at conditions equi-
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valent to those used in runs 93 and 95, except that the 
reactor was packed upstream and downstream from the charge 
with Al^O^ granules of the same screen size as the pyrite 
(-100 + 120 mesh)^. The data show a slight downward trend. 
This could indicate either random scatter, colncidentally 
showing a consistent downward trend, or an aging process in 
the experimental system. The possibilities for aging in 
the system are numerous, the prime candidates being: 
1) Reaction temperature shift 
2) Feed reagent concentration decay 
3) Flow rate changes due to pump wear 
4) Analytical reagent change 
5) Pyrite sample aging 
The calibration of the thermocouple potentiometer was 
checked at infrequent intervals, including before the ap­
paratus was used to generate kinetic data and after the aging 
trend became evident, and no change was noted in the cali­
bration. The thermocouple output as a function of tempera­
ture was not checked after the trend was noted, but 5 
separate thermocouples were in the bed and all put out 
equivalent potentials when exposed to the same temperature. 
Feed solution was mixed immediately before each run from 
reagent grade chemicals and, although an opportunity for 
^ This was intended to reduce any inlet and exit effects that 
might exist. The effect of the packing will be discussed 
later. 
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error exists, systematic error was minimized by frequent 
independent checks on methods and calculations. Pump 
flow rate can be determined from the experimental data and 
no significant change was noted with time. The analytical 
reagents could age, but they were replenished as necessary 
and more than once during the subject period. The pyrite 
samples were stored in tightly closed sample bottles, but 
no effort was made to exclude air. Changes in surface ap­
pearance were noted over extended periods of time, the in­
itial metallic luster becoming dull. It is possible that 
oxidation of the pyrite or some of the impurities present 
could cause the aging trend, but no detailed explanation is 
available. 
Assuming that a linear decay phenomena was responsible 
for the drop in rate, it is possible, by using the slope 
of a least squares straight line through the dX/dt results 
of runs 63, 67, 71, 72, 82, 93 and 95, to correct the data 
to zero time. Both the adjusted and unadjusted results are 
displayed on Figure 15• The unadjusted results have a mean 
-4 -1 
of 1.04 X 10 sec. with deviations on the order of + 15%. 
The adjusted results have a mean of 2.02 x 10"^, +5%. 
Duplicate runs also were made at a V/F of .7 to clear 
up a question about the data, runs 77 and 78 having been 
made at the same V/F , temperature and concentration, but the 
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rate for run 77 was about 20% lower than that for 78. Figure 
16 displays this information, both unadjusted and adjusted 
for aging. Note the significant shift of the bulk of the data 
from unadjusted to adjusted, an increase of about 25%. With 
the exception of the low point, the adjusted data has a mean 
of 2.30 with a deviation of + 4%, the low point being about 
23% below the mean. 
Another comment regarding the stray data point. Stray 
data points (such as shown on Figure I6) might be 
caused by flow maldistribution in the packed bed. If this 
were so then a stray point lower than the rest would make 
more sense than a stray point above the bulk of the data as 
flow problems usually have the effect of isolating parts of 
the packed bed from the process fluid. 
The question of the probability of any single run falling 
outside the + 5% range is difficult to answer. Of the 13 runs 
shown on Figures 15 and I6, only one is outside this range 
after adjusting for aging. One run, #55 at a V/F of 1.4, was 
arbitrarily discarded because it was considered out of the ac­
ceptable range (50% low). If this run were included, there 
would be 2 runs out of l4 outside the range, about a l4% prob­
ability than any given run is incorrect. This number is be­
lieved to be high, run 55 being the only run arbitrarily dis­
carded out of 44 hydroxide runs made after the experimental 
procedure and apparatus were considered adequate for generat-
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inp- rate data. 
To summarize regarding the quality of the results, 
analysis of the solid residue indicated that the X - t data 
presented is within 15% of the actual value; there is reason 
to believe that an aging phenomena may be taking place and if 
so, the results appear to be reproducible to within + 5%. 
If the apparent aging trend is coincidence, the results are 
still within about + 15%. The reliability of a single data 
point being within + 5^ of the expected value is in excess 
of 85% on the adjusted data. Where a differing interpreta­
tion would result, both adjusted and unadjusted data will be 
presented, otherwise unadjusted data will be presented. 
Shrinking Core Particle Model 
In general, a fluid-solid reaction can be represented 
by the equation, 
*(f) 
with fluid species A combining with solid B and forming fluid 
product S and solid product R. The solid B can be considered 
to be a spherical particle, the interior of which may be solid 
or porous. If the interior is porous, it may be by virtue 
of a pore system or because the larger particle is composed 
of many smaller particles pressed together, but leaving some 
void soace between them. The three cases are shown below. 
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Agglomerated 
Small Particles 
Pore Structure Solid 
As the reaction proceeds in or on the particle, the solid 
product S is produced at the reaction surface. Now, if R 
is relatively insoluble and occupies approximately the same 
volume as the reactant B, an ash layer will begin to build 
up as shown in Figure 17. This is essentially the physical 
picture of the solid used by Yagi and Kunii ( 3l{) when they 
first presented the shrinking core model in 1955. 
Ash layer 
) Unreacted core 
Figure 17. Schematic of single reacting particle. 
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Limiting the discussion at this point to the solid 
shrinking core model and using the nomenclature and physical 
picture shown in Figure 17, a summary of the derivation of 
the shrinking core model as described by Smith (25) wi11 be 
presented. At some point on the surface, species A is dif­
fusing through a fluid boundary layer, a layer of product S, 
and reaching the reaction interface where it combines with 
B to form solid product R and fluid S, S then diffusing out 
to the free stream. 
If isothermal particles and a first order (in feed liquid 
concentration) reaction are assumed, a pseudo steady-state 
analysis of the interior and exterior transport effects and 
surface kinetics yields the differential equation for particle 
radius as a function of time. 
[1] 
-dr^/dt = 
1 + 
For the conditions (C ) = constant for all values of t 
A b 
and r=rg § t=0, the equation for dr^/dt can be Integrated to 
give equation-
Relative Relative Relative 
Surface Film Ash 
Reaction Diffusion Diffusion 
Resistance Resistance Resistance 
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where 
r 
1/3 
f (r ) = 1 c 1 - (1-X) 
1 c r s 
f3 (r„) = 3 •—3 < 1 ~ ( 1~X) 
2/3 
-2X, 
X being particle conversion. The coefficients of f^, fg and 
of f at any value of X being within an order of magnitude of 
each other. 
The model as shown above is designed for single, iso­
thermal, solid particles undergoing a first order irrever­
sible surface reaction in a fluid of constant composition 
and depositing a solid product layer of the same volume as 
the solid consumed. The utility of the model is in the 
availability of a closed form analytical solution for X (t), 
the usual data obtained from an experiment. Note that the 
assumption of an irreversible reaction allows the resistance 
of the product layer and fluid boundary layer to diffusion of 
the fluid product S to be neglected. 
The usefulness of the model can be extended by consider­
ing limiting cases, that is situations in which one resis­
tance dominates the other two to the extent that they may be 
considered negligible. 
f^ will determine their relative contribution, the values 
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Application of the Model to the Experimental Data 
Aside from the assumptions made to develop the single 
particle model, it is necessary to make some assumptions re­
garding reactor performance. If the model is to be applied 
as it stands to the data, it is necessary that a differential 
reactor exist, that is, the change in reaction rate over the 
length of the reactor is small enough that the apparent rate 
that is measured by observing outlet product concentrations 
is very nearly equal to the actual rate at any point. 
A number of order-of-magnitude estimates of the size of 
various effects can be made to establish that the above as­
sumptions are not unreasonable in this particular case. Us­
ing the stoichiometry proposed by Stevens (27), 
8 FeSg + 30 0H^4 PegO^ + l4 + 15 HgO, 
gives a heat of reaction of about +21 kcal/mole PeS^, lead­
ing to a maximum temperature drop thru the reactor on the 
order of .1°C at an outlet sulfur concentration of 500 mgS/l. 
The same thermodynamic and concentration (rate) information 
provides a conservative estimate of dT/dr in the particle 
on the order of .l®C/cm. The AT across the fluid boundary 
layer, estimated from a mass transfer correlation due to 
McCune and Wilhelm (17), is on the order of .G1°C. Using the 
same stoichiometry, about 2 moles of hydroxide are consumed 
for each mole of sulfur generated in the liquid steam. At 
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an outlet sulfur concentration of 500 mg S/1, an original 
hydroxide concentration of 1.31 gm-moles/l (5 wt % NaOH) 
will be depleted by about 3 x 10 gm-raole/l. This would 
cause less than a 2% change in a first order rate over the 
length of the reactor, an indication that a differential 
reactor should exist. 
Since there is no reason to doubt the major assump­
tions required by the model at this point, it is appropriate 
to attempt to apply it to the X - t data. In many cases a 
single resistance controls the overall rate of a reaction. 
The assumption of a chemical reaction controlled process 
will be made at this time, and the validity of the assump­
tion checked as the parametric data is presented. 
If the X - t data can be fit by a chemical reaction con­
trolled model, a plot of l-(l-X)^^^ versus reaction time 
would yield a straight line of slope equal to Pg rc/bMg(C^)^k. 
Applying this to the data of run 71, Figure l8 re­
sults which indicates a good fit of the chemical reaction 
controlled model; using a bulk particle density of 4.5 gm/cm^ 
(= 0.1), Mg = 120 gm/gm mole and (0^)%= 1.3 x 10 ^  
gm-mol/cm^, the least squares slope of 7.^ x 10~^ sec.~^ 
-6  
gives a value of k of 3-d x 10 cm/sec. Figure 19 is the 
X - t data for the run, the line being calculated from the 
model. This typical of many of the runs, but for comparison 
Figure 20 shows the model fitted to the data from run 84. On 
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all runs where a significant difference in rate between the 
initial and steady-state rates was observed, for example 
run 7^ (Figures^ and 5), no attempt was made to fit the high 
rate initial period, the value of k from the model corres­
ponding to the data generated after that period. This was 
done to avoid undue distortion of the k values. 
Using the value of k from run 71, an estimate of the 
relative film diffusion term also indicates that the assump­
tion of a chemical reaction controlled process is good. 
The value of k^ of 1.03 cm/sec. from the mass transfer cor­
relation due to McCune and Wilhelra (17) gives a value for 
the coefficient of the fluid film resistance term of equa­
tion 2 of about 1 X 10"^ compared to 1 on the chemical re­
action resistance term. 
The effective diffusivity of the product layer can be 
conservatively estimated by using a value for bed voidage 
of between .26 for close packed spheres and .47 for loosely 
packed round sand grains (I6). The observed bulk den­
sity of the particles as charged of 2.17 gm/cm^ and a 
specific density of 5 gm/cm^ for pure pyrite gives a value 
for internal void fraction between .3 and .1 for the close 
and loosely packed cases, respectively. Assuming no volume 
change from reactant to solid product, a conservative es­
timate since a 3^% volume reduction will result if Fe203 is 
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the solid product, Dg will be on the order of 1.8 x 10 ^  
P —P 
cm /sec. at 420°P. This gives a value of about 1.4 x 10~ 
for the term, kr^/Dg. This is small enough compared to 1 
that the effect of product layer diffusion should not be 
apparent at 420®P or lower, again supporting the use of the 
chemical reaction controlled model. 
Summary of Rate Data 
The effects of temperature and concentration will be 
presented using values of k calculated from the chemical re­
action controlled model that has been presented. No effort 
will be made to correct the values for the apparent aging 
phenomena since the rate differences involved are large and 
no change in the interpretation would result. 
The relationship between particle size and rate cannot 
be corrected for aging since, obviously, different pyrite 
samples were used, the only aging data available being on 
ID 530. Information is available to compare the effect of 
different pyrite sources. 
Particle Reynolds number and V/F data will be pre­
sented and discussed using dX/dt values, both corrected and 
uncorrected for aging. For completeness, k versus V/F, 
corrected and uncorrected for aging, is shown in Appen­
dix D. 
/ 
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Effect of temperature 
Figure 21 shows the values of k from runs 73 and 74 at 
350 and 300°F, respectively, displayed as In k versus 1/T 
along with the data taken at 420®F. The slope of 
the least squares line through the data shown on the figure 
gives an activation energy of 21.6 kcal/mole. Experimental 
activation energies for chemical reaction controlled systems 
are typically between 15 and 60 kcal/mole. 
The data yield a value of 1.45 x 10^ for k^, the 
frequency factor, the resulting Arrhenius Equation for this 
reaction being 
k = 1.45 X 10^ exp |j- 1.09 x lO^y:^ cm/sec., 
with T in °K. 
An estimate of the apparent activation energy of a 
product layer diffusion controlled process can be made by 
noting that the apparent value of k from the model would 
be proportional to (dX/dt), and (dX/dt) is = Dg = = T. 
The resulting activation energy is on the order of 1.4 kcal/ 
mole, well below the experimental value. This is a sig­
nificant comparison, tending to strongly support the chemical 
reaction controlled assumption. 
Figure 22 shows the estimated lower limit of the rate-
temperature curve for the system if the rate of product 
layer diffusion was controlling, calculated using an ef -
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fective diffusivity of 1.82 x 10"^ cm/sec. The experimental 
data from Figure 21 also are shown, along with k values 
generated from data taken using an early, less reliable 
method of apparatus start-up, labeled "N^ Pack" on the 
figure. Note that if product layer diffusion had a signifi­
cant contribution to the overall rate expression, the data 
would be expected to have a negative second derivative in­
stead of the zero or perhaps slightly positive value that is 
evident. 
'The additional data from the "Ng pack" run at 250®F 
(run 68) tends to confirm the trend of a transition to higher 
values of activation energy at elevated temperatures. The 
activation energy calculated between the 250 and 300°F 
data is on the order of 3.1 kcal/mole, significantly below 
the 21.6 kcal/mole value in the 300 - 420°F range, but 
very close to a value of 2.4 kcal/mole reported by Tai (29) 
from batch experiments around 65°C (148°P). This sharp 
break is inconsistent with a transport effect alone. The 
previous discussion o f possible reaction paths may provide 
some clue, with perhaps a shift from favorable to unfavor­
able equilibrium occurring in the 200 - 300°F temperature 
range. This effect should be observable in V/F runs made at 
the lower temperature. V/F runs made at 420°P that are pre­
sented later do indicate that a reversible reaction is taking 
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place, but equilibrium is evidently not achieved at the 
outlet sulfur concentrations observed in the experiments 
(up to 250 mg S/1 at V/P~1.4). 
Effect of concentration 
Figure 23 shows values of k versus sodium hydroxide con­
centration. If the assumed reaction model were applicable, 
the k values would be-constant with changing sodium hydroxide 
concentration. Since this is a reasonable interpretation of 
the experimental data, the use of a rate expression that is 
first order with respect to sodium hydroxide concentration is 
essentially correct. The same linear dependence of rate on 
sodium hydroxide concentration is evident in Figure 24, dX/dt 
versus concentration, the additional data at zero concentra­
tion supporting the trend. 
Effect of particle size 
The runs with varying particle size were made with 5% 
sodium hydroxide at 420°F and a V/F of 1.4. Figure 25 
shows k versus particle size for these runs. Two different 
pyrite sources were used in the runs at 69 and 335 micron 
diameter, the maximum rate deviation between different 
sources being on the order of the differences observed be­
tween runs using the same pyrite. The particle size shown is 
the arithmetic average of the top and bottom sizes and so 
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assumes a linear distribution of particles throughout the 
range. No effort was made to determine the actual distribu­
tion. 
The values of k versus particle size shown do not 
fit the solid particle model originally assumed, but the 
chemical reaction controlled model is also applicable to 
particles composed of agglomerated sub-particles. The model 
as it stands increases the area available in proportion to 
2 
r^ , however the reaction area of a particle composed of 
spherical sub-particles will increase as the cube of the 
macro-particle radius. This would cause the k calculated on 
the basis of a solid particle to increase linearly with in­
creasing particle diameter, the slope of a line through 
the data being (e^/r^), where is the internal void of the 
particle and r^ the radius of the micro-particle (apparent 
grain size). The value of (e /r ) found from a least squares 
P g 
line through all but the -200 +230 mesh data is 9-8 x 10"^ 
microns"^, giving a value for the apparent grain size of 
between 10 and 31 microns for internal voids of .1 and .3, 
respectively. This indicates that the data is consistent 
with the model except at 69 y particle diameter. 
Figure 26 shows dX/dt for the various particle sizes. 
Note on Figure 26 that the information it displays is equi­
valent to that on Figure 25 even though substantially dif­
ferent in appearance. The distinctly lower rate on the 
-200 +230 mesh data may be more obvious on Figure 26. 
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The location of the -200 + 230 mesh data well below 
the line through the remainder of the data could be due to 
channeling in the reactor, although it seems improbable that 
a maldistribution of flow would be as reproducible as it 
appears. The apparent differences in rate on the -200 +230 
mesh data are less using the k characterization than if dX/dt 
is used. 
Another possibility is illustrated schematically below. 
If the nacro-'^articles were composed of subparticles of 
greatly different size, say fairly small sub-particles packed 
between larger, less porous sub-particles, and if the larger 
sub-particles were on the order of the -200 +230 mesh size, 69 
microns diameter, then the grinding and screening operation 
would eliminate many of the smaller sub-particles and leave 
principally those large sub-particles which were in the 
screen range of interest. The resulting reduction in 
the area/volume ratio of the particles would cause the ap­
parent rate to be reduced. The SEM pictures of sectioned 
(High area/volume ratio) 
Retained by screens 
Clow area/volume ratio) 
Broken up and 
passed by screens 
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-40 +60 mesh (335 y dia.) particles would allow this as a 
possibility, showing densely packed areas next to clusters 
of smaller ('V'lO y) particles. 
The -200 +230 mesh data excepted, the model appears to 
be applicable to the particle size data if the concept of 
a macro particle composed of many small particles is included. 
Effect of particle Reynolds number and V/F 
Figures 27 and 23 show dX/dt versus particle Reynolds 
number, unadjusted and adjusted for aging, respectively. 
Data at constant V/P at two values of Re^ are shown, along 
with data at a V/F of .4? at a single value of Re^. The 
apparent trend of the unadjusted data is a decrease in rate 
with increasing Re^, even at constant V/F. This is unusual 
since the expected trend would be an increase in rate as the 
mass transfer coefficient increases, reducing the effect of 
fluid film resistance. 
The adjusted data show much less of a downward trend, 
and if the .47 V/F data is ignored which is legitimate since 
the lower value may be due to the different value of V/F, 
the data could be interpreted as showing little,if any, 
effect of Re . This interpretation would be consistent 
P 
with the order of magnitude estimates made as to the rela­
tive size of the film diffusion effect and with the observed 
activation energy. At fixed V/F, a systematic flow maldis­
tribution would be expected to be less apparent at higher 
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mass velocities J again tending „o increase dX/dt with increas­
ing Rep. The tentative conclusion to be drawn from this 
data is that the observed trend is not consistent with a 
mass transport resistance effect. 
Figures 29 and 30 show dX/dt versus charge size informa­
tion, unadjusted and adjusted for aging respectively, at 
constant particle Reynolds number. At a constant flow rate 
(Reynolds number), this is essentially the effect of varying 
V/F, transport conditions within the bed being very nearly 
equal on all the runs shown. A downward trend in rate with 
increasing charge size is evident whether aging is con­
sidered or not. The effective reactor length varied from 
2.3 cm at 2.5 gm to 14 cm at 15 gm. The maximum usable 
reactor length with screens in place was 14 cm, and 2.3 cm 
was arbitrarily Judged to be the minimum usable reactor 
length to avoid excessive inlet and exit flow effects, ex­
pected to be present but to an unknown degree. Some informa­
tion on end effects is available. Experiments made using a 
5 gm charge indicated that the observed rates were an aver­
age of 14^ higher when inert packing (-100 +120 mesh Al^O^) 
was added upstream and downstream from the pyrite charge, 
but it is not positive that this was entirely due to better 
flow distribution.^ 
^These data runs 94, 96 and 97 are shown on Figure l4 
along with the results of non-packed runs 93 and 95-
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The information on Re^ and charge size indicates 
regardless of the interpretation of the apparent aging data, 
that the trend with Re^ is at most very slight compared to 
the trend with V/F. This allows both flow rate and charge 
size information to be displayed on a single plot of dX/dt 
versus V/F, Figures 31 and 32 showing this information un­
adjusted and adjusted for aging.^ Data from a differential 
reactor would be expected to plot as a horizontal line on 
these coordinates, the rate of conversion being independent 
of the rate at which fluid is passed through the reactor. 
The adjusted data. Figure 32, shows about a 90% rate increase 
as V/F increases from 0.47 to O.85. The rate at V/F = 1.4 
is seen to be considerably lower, the decrease continuing 
with Increasing V/F. These same comments in general apply 
to the data unadjusted for aging. 
Although the trend in the V/F data could be discounted 
by arguments related to the reproducibility and reliability 
of the experiments, it is believed that the weight of evi­
dence strongly supports the contention that an integral re­
actor exists, and further that the V/F data is representative 
of that trend. Note that if the value of 85% reliability 
of a run being within + 5% of the expected value is correct, 
there is less than 2% chance that the values at V/F = 0.47 
are not representative. 
^For completeness, k versus V/F, adjusted and unadjusted 
for aging, is shown in Appendix D. 
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Aside from the rate data, other evidence is available 
which supports the existence of an integral reactor. The 
appearance of the reacted solid varied with position in 
the reactor. As mentioned earlier, the solid at the inlet 
end had a red tint, with a slight indication of the metallic 
luster of the original pyrite remaining. Within a short dis­
tance of the reactor inlet the color changed to nearly black 
and remained so for the rest of the reactor length. This would 
indicate that the solids at different locations in the reactor 
were reacting differently, and the reactor was therefore an in­
tegral reactor. The color of the liquid samples from the 
V/F = 0.47 and 0.7 runs was dramatically different from those 
taken at higher values of V/F, the difference being much more 
than would be expected from dilution of the sulfur concentra­
tion at the higher flow rates. Also, the higher flow rates 
at the lower V/F values would be expected to minimize flow 
maldistributions in the reactor, contributing to confidence 
in the values presented. 
The remainder of the discussion of the V/F data will be 
based on the integral reactor case, since a differential re­
actor would require no further explanation. Extrapolating 
the data at V/F of .85 and smaller back toward zero V/F 
indicates that, as liquid residence time is lowered, i.e., as 
effluent liquid sulfur concentration is lowered, the rate of 
sulfur extraction falls dramatically. Therefore, there is 
some effect of the reaction products on the sulfur extrac­
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tion rate. This could be an autocatalytic effect or it may 
mean that some of the reaction products are entering into 
parallel sulfur extraction reactions. As was noted in the 
section on possible reaction paths, some of the suggested 
products could combine with pyrite cleavage products, thermo­
dynamic equilibrium favoring such reactions. Although it was 
not pursued at the time, some of the X - t data suggested 
that if the reaction was allowed to proceed well past the 
50% conversion level, a substantial drop in rate could be 
expected. This is hinted at by the rapidly decreasing 
values of seen on Figure 2, no leveling—out trend being 
evident. Such an observation would be evidence for a pri­
mary cleavage of the pyrite and fairly rapid conversion of 
one of the cleavage products to a soluble sulfur compound. 
Numerous other interpretations of such data would also be 
possible, one being a pore closing effect. The downward 
trend of dX/dt with increasing V/P (effluent liquid sulfur 
concentration) indicates a reversible reaction as part of 
the mechanism. (Note that if, at a given value of V/F, the 
extraction rate became zero, the dX/dt curve would drop 
off exponentially as V/F continued to increase.) 
The results of interpreting the V/P data as indicative 
of an integral reactor also indicate that there is an optimum 
liquid product concentration for maximum sulfur extraction 
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rate. Estimates of the magnitude of this effect and also 
of the differences in local particle conversion as a function 
of reactor position are presented in the next section. 
Reactor Model 
The physical picture of the packed bed reactor is 
shown below. 
Assuming a flat velocity profile, a good assumption 
based on the work of Schwartz and Smith (23), and no inlet 
and exit effects, the partial differential equation describ­
ing an isothermal system is 
- ; ACsAz + f [3] 
r 
where P is the rate of production of sulfur in the liquid 
phase, g - moles/cm^ - sec., and eis bed voidage. 
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The relative sizes of (P/A ) ( "\C /\Z)and \C /^t can 
r s s 
be estimated from the experimental data. Prom the sample 
calculation of X from (Appendix B) 
dX/dt = 1.14 X 10"^ CQ Q/ (V/P)sec."^. [4] 
Therefore, from the dX/dt versus (V/F) data of Pigure 31, 
a plot of CgQ versus V/F can be made. Figure 33- Since 
V/F = Z(Ar/F) [5] 
the plot is in effect versus Z and a least squares line 
p 
through the data gives a value of about 2 x 10 mg S/1 - sec. 
for (F/A^) C'^Cg/AZ). The data on Figure 2 from run 71 gives 
_ 2  
a maximum value for^C^^/^t on the order of 8 X 10 mg S/1 
- sec. Comparison of these two values indicates ^  Cg^/^t 
« (F/Ay) (^Cg/^z) so, neglecting ^ Cgo/^t, the reactor 
equation becomes 
(F/Ap) (d Cg/dz) = P. [6] 
2 Letting be dC^/dt (mg S/cm -sec.) as a function of 
Cg, then P can be written as 
P = ^ Cg N (l-X)^/3 [7] 
P 
for a shrinking core particle, chemical reaction controlled 
rate. Note that in general X is a function of both Z and t. 
For a value of Z = Z, at time t = t 
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P/Af / IdC 
Z,t 1 Trr^ (p_/M ) (s/b)N I ^ 
3 s B B P <_/ 
o 
t 
/
dt 8 
Z 
and 
C (Z) = dZ = j {(A^/F) (4nr2 N^) (l-X)2/3}dZ 
o 
with the conditions that Cg|^ =0, for all t, and X f^_Q =0, 
for all Z. 
To find a rate expression, C^, the hypothetical mechanism 
[OK"] 
A(g)+ OH" ^ B + solid residue 
kp [B] 
A(s)+ ® >2=! 
kg [Cg] 
solid residue + c • > A 
s 
was assumed. This mechanism assumes the solid phase A is 
transformed into an unmeasured intermediate B, B sub­
sequently combines with A to form measurable product C^. 
Cg can in turn be converted back to A. The differential 
equations describing the system are, in terms of reaction 
ti m e  T ,  
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dA/dr = K -k. B + k_ C 
2 3 s 
dB/d? = È -k^ B 
dCg/dT = gkg B -kg Cg 
where K = k^ [OH ]. Solving these simultaneously gives the 
result for C in terras ofx as 
s 
C = 2 K 
s exp [-kjT] -.^^jexp [-k2T] 10 
g - moles/cm^ -sec. 
Differentiating the expression for Cg with respect to ? 
gives Cg. 
Equations 8 thru lo were solved numerically, the 
functional relationship between Cg and Cg (z) being com­
puted using Newtons method to solve for t from Cg (x) and 
then computing Cg, effectively giving C^ (C^). The local 
value of (dCg/dz) was computed from the expression in brackets 
in equation 9 above, and the integration in the Z direction 
was performed using the 4th order Runga - Kutta method. 
Calculation of X at the next time is done using equa­
tion 8 > integrated in the time direction using Eulers 
89 a 
method. The step sizes used were A t=30 seconds and A Z = .116 
cm, convergence being demonstrated by observing less than a 
1% change in the computed result when the step sizes were 
halved independently. The convergence of the numerical 
scheme to the correct solution was tested by inserting an 
analytically integratable function into the subprogram for 
Cg and computing the result at X=0, agreement on the order of 
1% being observed. 
The output of the program is Cg (Zjt) and X (z,t). 
The values of XCz,t) allow computation of x(Z,t), 
At a fixed value of Z, or in effect of V/P, X - t data can 
be extracted at discrete values of t and treated in the same 
manner as was the experimental data, i.e., a least squares 
line can be fitted through the data between conversions of 
10 and 40%. Figure 34 is a display of the computed X, t 
values for k^=0.43 sec.~^, kgsO.T sec.~^ and ^ ^=1.4 sec~^. 
Figure 35 shows (dX/dt) versus V/P for the same values of the 
kinetic constants. 
The values of X vs. t shown on Figure 34 indicate that a 
reasonable reproduction of the experimental conversion-time 
data is generated by the model.^ Note that as V/P increases 
^Calculated values were generated at discrete values of V/P 
and the closest calculated data to the experimental data 
was used. 
89b 
from A to B to C the value of dX/dt increases then decreases. 
This is shown more clearly on Figure 35, dX/dt vs. V/P. The 
model does not reproduce the apparent peak at V/P = 1, but it 
does reproduce the general trend of the experimental data. 
This is adequate for the present purposes, that of illustrat­
ing the significance of the observed dX/dt vs. V/P on the re­
action rate and seperation of chemical reaction rate informa­
tion from physical effects caused by variations in local 
particle conversion with reaction length. Using Figures 34 
and 35 as evidence that the integral reactor model explains 
the observed behavior better than a differential reactor, and 
further that the fit obtained from the model is good enough to 
be used to draw some general conclusions regarding the char­
acter of the reaction. Figure 36 is presented as further evi­
dence of the applicability of the model. Figure 36 shows 
local particle conversion computed from the model plotted vs. 
reactor position. Note the low conversion at the reactor in­
let and the sharp rise to a peak value. This could be used 
to explain the variations in solid residue color with reactor 
position that were observed during the course of the experi­
mental investigation. Note that Figure 36 is a conservative 
estimate of the differences in local particle conversion ex­
isting within the reactor since the dX/dt data had a sharp 
peak of substantial magnitude at V/F = 1 that was not re­
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produced by the model. 
Figure 37, a plot of calculated values of specific re­
action rate, dCg/dt, vs. liquid sulfur concentration, Cg« 
dCg/dt has units of mg S/cm^-sec. and so is the rate of 
surface reaction at the conditions of the experimental V/P 
data, 5% NaOH and 420°F. Again, note that the differences 
computed are less than would actually exist based on ex­
perimental data, since the model does not have the peak at 
V/F = 1. Even so, differences on the order of a factor of 
2 in extraction rate can be seen as the liquid sulfur con­
centration is increased from 10 to 500 mg S/1, the peak 
being at about a of 200 mg S/1. This maximum is signifi­
cant in terms of an optimum operating product concentration 
level in a batch solids system, or an optimum liquid/solids 
ratio in a transport system. 
Comparison of Results Between Hydroxide and Carbonate Runs 
The desulfurization potential of sodium carbonate 
solutions, both with and without oxygen added, were examined 
in several runs. Conversion-time information from these 
runs will be compared to results fro™ sodium hydroxide runs. 
Although variations in V/P existed between the runs compared , 
The data on the carbonate runs presented is about V/P =2.5 
compared to 1.4 on the hydroxide data. Insufficient V/F 
data were generated on the carbonate runs to calculate the 
magnitude of the effect, but it probably causes the car­
bonate runs to be a maximum of 15-20^ low if the hydroxide 
trends are applicable to the carbonate data. The carbonate 
conditions and results are shown in Appendix C. 
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96 a 
the differences were not large enough to affect the relative 
placement of the X - t data to be presented or the conclu­
sions to be drawn from them. 
Figure 38 shows X - t information at 420°F for 5% 
NaOH (run 63) and 5^ Nag C g (run 28). The rates of conver­
sion indicate that sodium carbonate alone is not a good 
choice for removing sulfur from pyrite, although the 3% 
hydroxide solution may have some potential. 
Figure 39 shows X - t for the same carbonate run (run 
28) at U20°F compared to a carbonate run with O2 added at 
300°P (run 34). Both runs were made with 5% carbonate. The 
oxygen partial pressure on run 3^ and 37 atm. The increase 
in rate is evident. 
Figure 40 compares run 34 with a 10% sodium hydroxide 
run at 420°P(number 59). Battelle claims 430°F and 10% 
NaOH to be within the range of their experiments. Although 
the rates of sulfur extraction are both rapid enough to 
warrant consideration as potential coal desulfurization 
processes, the 5% carbonate /Og data at 300°F show a slightly 
greater desulfurization rate than the 10% NaOH data at 420OF 
The effect of the processes on the coal and on process 
equipment is also a consideration 
solution is less difficult to contain and the lower operat­
ing temperatures serve to reduce the problem further. How-
96b 
ever, the effect of the oxygen added to the carbonate solu­
tion may seriously degrade the coal, warranting further in­
vestigation of both processes. 
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CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
The reaction of aqueous sodium hydroxide solution with 
pyrite is chemical reaction controlled in the range 
300 - 420°?. In this range the data indicate an activa­
tion energy of 21.6 kcal/mole and a frequency factor of 
4 
1.4 X 10 . Below 300°F a marked reduction in activation 
energy was noted, pointing to a reaction mechanism change. 
The reaction is first order in hydroxide concentration, 
the rate increasing linearly with increases in hydroxide 
concentration. 
Particle size variations indicate that the particles 
are behaving as though porous. 
Particle Reynolds number variations show no transport 
related trends. 
The V/F data indicates that the reactor is operating in 
an integral mode, reaction products entering into the 
sulfur extraction reactions. The form of the rate-time 
curve indicates that this interaction may in part be 
derived from the formation of an activated surface 
compound, generated and consumed by liquid reaction prod­
ucts. An iron compound is suspected as playing a part 
100 
in the process. 
The interaction of reaction products in the extraction 
process causes a significant rate maximum to occur, 
pointing to an optimum operating condition for the 
process. 
The solid residue from the NaOH treatment is strongly 
magnetic, suggesting that alkaline pre-treatment may 
be useful in magnetic separation schemes. 
The reaction of sodium carbonate with pyrite does not 
appear to be a potential coal desulphurization process. 
If oxygen is added to the carbonate system, the result 
compares favorably with the rates obtained from the 
hydroxide experiments. 
Iowa coal is sensitive to both hydroxide and carbonate 
solutions, showing signs of degradation at temperatures 
in the range of this study. 
Recommendations 
The question of the presence of an aging trend needs 
to be resolved since, if pyrite is responsible, it could 
affect the results of other experimental programs. 
Sample storage technique and pre-run treatment should be 
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varied. Using a purer grade of pyrite would help elimin­
ate possible effects of impurity aging. 
The rapid increase in rate with increasing V/F (sulfur 
concentration) should be studied to better define the 
limits of the dX/dt - V/F curve and to attempt to identify 
the component of the reaction product liquid that is 
participating. Identification and subsequent addition 
of the component to the feed liquid could increase de-
sulphurization rates considerably. Observed rate in­
creases on the order of a factor of 2 at many values 
of V/F would Justify at least the preliminary effort. 
A similar effect may be occurring in the sodium carbon­
ate/pyrite system. 
The unusual behavior of the rate-temperature data should 
be investigated further, possibly providing information 
about the mechanism of the reaction. V/F data should be 
generated at temperature levels above and below the ap­
parent change in mechanism. 
The use of a stirred autoclave should be considered if 
the reaction is to be studied further. Although the ef­
fect of the reaction products will still be present, all 
the particles should be at approximately the same level 
102 
of conversion at any given time. Note that in a batch 
system using a constant liquid/solids ratio that the 
observed V/F behavior would manifest itself as an ap­
parent maximum in the specific reaction rate - con­
centration curve. 
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APPENDIX A: APPARATUS DETAILS 
System Description 
The overall system schematic is shown in Figure 4l. 
Operating limits of the system are shown in Figure 42. 
The system could be fed from either of two sources, 
(1)1 
a 50 gallon deionized water tank or a 4 liter reagent 
C4 ) flask . Selection of feed origin was controlled by two 
electric solenoid valves& 4) operated by a switch on the 
panel. The liquid feed passed through a positive displace­
ment, variable stroke pump ^^^ capable of liquid flow rates 
from 1 to 5 ml/sec. and into the high pressure portion of 
the system. 
A pneumatic pulsation dampener^^^» consisting of a 
24 inch piece of 1/2 inch stainless steel pipe, was attached 
directly to the discharge of the pump. The dampener operated 
with a nitrogen blanket, the volume of which was controlled 
by feeding high pressure nitrogen to displace a measured 
amount of water at a known system pressure. 
A spring loaded relief valvewas installed on the 
line after the dampener connections. Pressure measurement 
was by means of two bourdon tube gages, one upstream and 
one downstream of the reactor. All gage lines were 1/8 
^The numbers refer to Figure 4l. 
Figure 4l. Process system schematic 
1. Deionized water feed tank 
2. Water feed solenoid valve 
3. Reagent feed solenoid valve 
4. Reagent flask 
5. Hills-McCanna P/DI variable 
stroke pump 
6. PPN2 tank 
7. Accumulator header vent 
8. Accumulator charge valve 
9. Check valve 
10. Pneumatic accumulator 
11. Tex-Steam 316 SS relief 
valve model 1152 
12. Upstream reactor assembly 
process connection 
13. Reactor heater coil 
14. Reactor tube and heads 
15. Downstream reactor assembly 
process connection 
16. Exit cooler 
17. System discharge valve 
18. collection flask 
19. Fluidized bed container 
20. 2-5 KW Chromolox Incoloy 
sheathed electric heaters 
21. Dynapore air distribution plate 
22. Inlet plenum 
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= thermocouple 
A 
juisiaAHJL 
rmnnnr 
-1-0J 
utility 
air 
Ill 
fcC 10000 
•H 
CO 
CL 
I (U 
u 3 
m 
CO 
OJ 
cu 
tc 
c 
4J 
nJ 
0 1000 i 
a 
o 
<u 
I—i J=l 
aS 
S 
o 
r—! 
I—i 
< 
E 3 
E 
•H 
X 
rt 100 
Pump 
Limited 
ALLOWABLE 
OPERATING 
RANGE 
Heater surface 
temperature limit 
may be exceeded 
400 800 1200 
Bed Temperature -°F 
Pl%ure 42. Apparatus operating range 
112 
inch SS tubing. The reactor assembly process connections 
(12 & 15) were standard 1/4 inch tube unions, either 316 
stainless steel or Inconel 600 depending on process tempera­
ture. 
The process liquid was heated up to reaction temperature 
(13) in a 15 foot coil of Inconel tubing immersed in fluidized 
bed. Temperature measurement in the process liquid stream 
and the fluidized bed indicated that the liquid approached 
bed temperature to within the limits of measurement of the 
thermocouples (+ 5°F). 
The heated liquid then passed over the fixed bed of 
solids in the reactorleft the sand bath and was cooled 
at process pressure in a 20 ft. long single pass-counter flow 
heat exchanger, process tube side, utility water shell 
side. The heat exchanger was made using standard tube fittings 
(1/2 in- jacket, 1/4 in. tube). The 1/4 in. tube was inserted 
in a carefully sized helix of .085 diameter music wire, the 
resulting component being inserted into the 1/2 in. x .035 
wt. Jacket and the whole assembly coiled on a 12 inch O.D. 
form. The heat exchanger was capable of 50 gallons/hour cool­
ing water feed at 50 psig inlet pressure. 
System pressure control was by means of a .047 inch 
orifice metering valve^^"^^- With diligent attention and some 
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experience the system could be controlled at a steady pressure 
to within + 3% of the set point. 
The fluid exiting the valve passed through 1/8 in. 
tubing, left the shielded area and was collected behind a 
3 ft. by 4 ft. Plexiglas splash shield. 
Reactor Design 
A sectional drawing of the reactor is shown in Figure 20. 
The fixed bed reactor was a 6 inch long piece of 9/16 
in. OD X 5/16 in. I.D. Inconel 600 tubing, purchased with both 
ends coned and threaded. The heads of the reactor were 
machined from 1 1/2 in. Inconel round. The reactor end of 
each head was machined to accept the coned and threaded end 
of the reactor. 
Solids were retained in the reactor by means of a fine 
mesh (400 US over 250 US) stainless steel screen set. The 
screen sets were made by swaging the screens into a 5/16 in. 
diameter hole with a tool whose O.D. was slightly less than 
5/16 in. The diameter reduction on the reactor tube end 
caused by tightening the cone and thread fitting was enough 
to provide an adequate seal between the screen set and the 
inner reactor surface. During operation, the outlet screens 
rested on the part labeled "screen retaining lnsert"(3) on 
Figure 20. 
The original reactor heads had side connections to allow 
Figure '13. Reactor details 
1. Outlet reactor head - Inconel 600 
2. Outlet screen set - 400 mesh over 250 mesh - 316 SS 
3. Screen retaining Insert - 316 SS 
4. Collar - 'H6 SS 
5. Gland - 4l6 SS 
6. Inner screen set - 250 mesh over 400 mesh - 316 SS 
7. Reactor tube - Inconel 600 
8. Inlet screen - 250 mesh - 316 SS 
9. Pyrite charge 
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1/8 in. O.D. Inconel sheated thermocouples to be inserted 
into the process stream before and after the fixed bed. 
Temperature measurements made during operation showed 
that the twenty foot heating coil allowed the process stream 
temperature to approach the bed temperature to within the 
limits of accuracy of the thermocouples (+ 5°P) and con­
sequently the thermocouple connections were not incorporated 
into the second design. 
Sand Bath Design 
The constant temperature bath was a fluidized bed of 
screened sand, 12 inches ID x 4 feet long. 
The barrel assembly, consisting of the inlet plenum, 
air distributor plate and barrel, was suspended from a steel 
frame by four (4) tabs on the upper flange of the barrel. The 
air distributor plate was a 12 in. circle of Dynapore^ porous 
stainless steel plate tig welded to a stainless steel ring 
and sealed with Piberfrax paper gaskets. This provided an 
adequate seal with no problems. A one foot section of 12 3/4 
in. OD pipe fitted onto the top of the barrel for freeboard. 
The bed was Insulated with 9 inches of Piberfrax bulk fiber 
enclosed in an aluminum Jacket. 
Heating of the bed was accomplished with 2 Chromolox 
.457 in. OD TRID-160 Incoloy sheathed resistance heating 
elements, coiled into concentric helices with electrical end 
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connections penetrating the side of the barrel. The units 
were wired in parallel and provided 10KV7 of heating power at 
100% of rated voltage (240V). Electrical leads to the heater 
terminals were made from bare #6 copper wire, covered with 
Steatite fish spine ceramic insulators. The leads attached 
to the heater at a point Just outside the barrel, passed 
through the insulation, and terminated in a teflon plug in­
stalled in the outer edge of the bottom insulation retaining 
plate. 
The heating elements had 1/8 in. OD stainless steel 
sheathed thermocouples heliarced to their surface at three 
locations to monitor surface temperatures, a safety precau­
tion to avoid excessive temperatures due to incomplete 
fluidization of the bath. Electrical power to the heaters 
was supplied through a 15 KVA Superior Electric variable 
transformer. Bed temperature was controlled manually. 
Fluid and thermal design were accomplished using the 
correlations of Wender and Cooper (32) for heat transfer in 
the bed and the work of Leva, Shirai and Wen (l4) as described 
in Frantz (6) for prediction of minimum fluidization velocity. 
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APPENDIX B: EXPERIMENTAL PROCEDURE DETAILS 
Experimental Procedure 
In general, the experimental procedure consisted of 
apparatus startup and pre-run preparations, reactor loading 
and process start-up, sample acquisition and process monitor­
ing, apparatus shutdown and clean-up, and sample analysis. 
Apparatus start-up and pre-run preparation 
The fluidized bed temperature was stabilized at the de­
sired temperature level prior to the beginning of the run. All 
process and feed lines were purged prior to the run with 
deionized water to leach out soluble residue and wash out 
any particulate from the previous run. The reactor assembly 
tubinp: was rinsed with deionized water and blown dry with 
filtered utility air. 
The liquid feed solutions were mixed immediately prior 
to a run and stored in 6 1 Pyrex flasks, filled to within 
2 inches of the top and tightly closed with rubber stoppers 
that had been boiled in a 5% NaOH solution to remove sulfur 
(33). The 4 1 solution feed flask was rinsed and filled 
with solution. The process piping was filled with deionized 
water from the pump to the sample station, a short bypass 
leg taking the place of the reactor assembly. 
The pyrite used for the runs was crushed, ground. 
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screened and stored in tightly closed 1 oz. sample bottles. 
No effort was made to eliminate air from the sample bottles 
prior to closing. 
Reactor loading and process startup 
The reactor tube was brushed clean on the inside until 
no traces of the previous charge were evident. The solids 
retaining screens were rinsed with water and air dried, 
whether newly manufactured or reused. The double screen 
assembly was installed and visually checked for proper sealing 
immediately prior to loading the charge. The reactor charge 
was weighed on an analytical balance and poured into the re­
actor tube. The paper was tared after the charge was weighed 
and inserted. After loading the charge, the inner screen 
set was installed to fix charge geometry and the bed impact 
settled until no change in bed weight was evident. The up­
stream end of the reactor tube was covered with 250 mesh 
screen to further reduce the possibility of solids loss. 
The reactor tube was installed in the cone and thread fittings 
in the reactor assembly, the entire unit set into the fluid-
ized bed and the main process connections closed. 
The system discharge valve was closed and the system 
pressured up to about 1/2 and anticipated operating by feed­
ing nitrogen through the accumulator. The pump was then 
started, feed origin on water. The system discharge valve 
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was closed until the pressure reached the desired level, at 
which time the discharge valve was opened and sampling com­
menced. Water was fed until the system was stable and the 
liquid effluent clear, usually 60G seconds. At that time, the 
feed origin was switched to the sodium hydroxide solution 
and the run proceeded. 
Sample acquisition and process monitoring 
Samples were collected continously, all liquid discharged 
during the run being collected in erlenmeyer flasks, weighed 
before and after filling and closed with treated stoppers. 
Time from pump-on, thermocouple millivolt potential and 
UDStream pressure were recorded on every sample, and the ther­
mocouple cold Junction temperature was recorded at the start 
of the run. 
Apparatus shut-down 
At the termination of the run the pump was turned off 
and nitrogen was fed to the system through the accumulator 
to displace all the liquid in the system into sample bottles. 
When the nitrogen/water interface reached the discharge valve, 
the nitrogen feed valve was closed and the pressure allowed 
to decay to atmospheric. The reactor assembly was then re­
moved from the bed, disassembled and the solid residue re­
moved. 
The solid residue was weighed on an analytical balance 
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and sent to Ames Lab for analysis of total sulfur (by the 
Eschka fusion method for coal) and iron. 
Density measurements of selected samples were made using 
a 10 ml pipette and weighing the 10 ml on an analytical bal­
ance . 
Liquid sample analysis 
Immediately after the termination of a run the liquid 
samples were prepared for sulfate determination. A measured 
volume of liquid was placed in a clean 250 ml flask and a 
measured volume of 30% hydrogen peroxide added to oxidize 
sulfur compounds present to sulfate. The flasks were covered 
with treated rubber stoppers and allowed to digest for a 
period of time, usually 2^-72 hours. Cation exchange resin 
was added in bulk to the samples in amounts sufficient to 
lower the pH to about 5 or lower, the samples being con­
t i n u o u s l y  s t i r r e d  ( 6 ,  J ) .  
The samples were then sent through a small column of 
Dowex 50 VI to remove all traces of cations which might in­
terfere with the subsequent titration with barium perchlorate, 
using thorin as an indicator. Arsenazo III has also been 
used (1). 
Sample calculation 
For run 71, 4.9997 gms of ID 530 pyrite were charged. 
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giving a value for total sulfur charged of 
4.9997 X 1000 X .418 = 2089-9 mg S. 
For the first sample, a value of of 79 mg S/1 re­
sulted from the titration, 522.8 gm of liquid were collected, 
density about 1.0. The sample collection terminated at 
475 sec. 
522.8 gm/(1.0 gm/ml) = 522.8 ml. 
(522.8 ml/(1000 ml/l)) x 79 = 41.3 mg S collected 
during sample period. 
Summing sulfur collected in all samples up to this one 
ZS = 41.3 mg S (First sample) so apparent con­
version is 
X = 41.3/2089.9 = 1.98 X 10"^ 
= 1.98%. 
This is plotted at t=475 sec. on Figure 4. 
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APPENDIX C: RESULTS OP OTHER RUNS 
Introduction 
To gain operating experience on the apparatus and 
develop an experimental technique suitable for generating 
rate data, an initial series of runs were made with sodium 
carbonate, a milder alkali. Also, to determine the sen­
sitivity of Iowa coal to aqueous alkali, 5 runs were made 
with either sodium hydroxide or sodium carbonate solutions 
and coal instead of pyrite. Three experiments were made with 
sodium carbonate solutions and what was intended to be ex­
cess oxygen. A listing of the conditions of the carbonate 
runs with and without oxygen is on Table CI. The coal runs 
are listed on Table C2. 
Process background 
The principal interest in the sodium carbonate system 
was to generate background information for the study of the 
carbonate/oxygen system. Stokes (28) converted pyrite to 
Pe^O^ by heating in an aqueous carbonate solution, the re­
ported products in the liquid being thiosulfate, sulfide and 
polysulfide. No mention was made of how these were determined 
and no rate information was generated in the study. 
The effect of carbonate/oxygen on pyrite has been studied 
in relation to the pressure leaching of uranium ores, pyrite 
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Table Cl. Pyrlte/NagCO^ runs samples analyzed 
Conditions: Temperature « ^ 
liquid flow rate = .9 ml/sec. 
-100 +120 mesh pyrite 
^2 Pack^ 
Run 
No. 
Charge 
Size 
Carbonate 
Concentration 
dX/dt 
—1 
sec. X 
28 4.87 5 3.2 
30 5.03 5 3.6 
32^ 4.89 5, 3.6 
34a 5.16 5^ e 
4.89 5^ e 
3 7 J  4.98 5^ e 
38^ 9.67 2 1.6 
42 9.66 .5 1.15 
44, 5.42 2 1.9 
45 4.30 .5 2.49 
46 4.93 .5 1.17 
49 5.44 2 1.8 
50. ^ 1.92 2 2.6 
5 3 b , c 4.00 2 2.3 
54 4.00 2 2.7 
^Except runs 3^, 37 and 38 at 300°P and run 36 at 250°F. 
^Except runs 45 and 54 at 2.l6 ml/sec. and run 53 at I.63 
ml/sec. 
Except runs 53 and 54 on water pack. 
^02 added - Pq^ ~ 37 atm. 
®dX/dt characterization not applicable. 
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being a common impurity. Forward and Halpern (5) claimed 
the reaction proceeded via the expression 
2FeS2 + 71/2 0^+8 fTHgO—^2Fe(0H)^ + 430% + HCO^". 
No rate data was generated for this reaction in their study. 
Tai (29) noted a 32% weight loss from -200 mesh pyrite 
at 97°C after 4 hours in 2% Na2C0^ with oxygen added. The 
total system pressure was 1 atm. 
Carbonate solutions, with and without oxygen, have 
effect on coal similar to that of sodium hydroxide in that 
they do degrade the coal matrix. Schneider (21) noted that 
with "pea size" samples of a lignite coal, 72% of the sample 
was undissolved after 2 hours in 2.5N Nag Co^ at 170°C com­
pared to 30% at 250°. Fischer, Schrader and Treibs ( 4 ) 
reported about 20% undissolved material after 1 hour at 
250°C and 60 atm pressure using 2.5N Nag COg and air on what 
appears to be a low volatile bituminous coal. 
An advantageous effect- can also take place from the 
carbonate residue left in the coal, caking and agglomerat­
ing properties beirç; reduced ( 3 ) and increased reactivity 
being noted in some reactions (31). 
In terms of ability to degrade the coal, potassium com­
pounds react the fastest, sodium compounds markedly slower 
and calcium compounds the slowest (26), probably because of 
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the greatly differing solubilities of the organic oxidation 
products. At similar conditions, 100% conversion using potas­
sium hydroxide was noted compared to 3% using calcium hydrox­
ide over the same time period. 
Apparatus and procedure 
In general, the apparatus and procedure were only 
slightly different from that used with sodium hydroxide, 
the principal variations being in pre-treatment of the 
pyrite (the samples for the early runs were not split), 
and the charge retaining screen placement scheme was not 
considered suitable until about run 50. The oxygen feed 
system used is shown on Figure 44. Note that no facility 
was available to measure 0^ flow rates. 
Coal runs 
The coal runs were aborted, with one exception, due 
to apparent melting^ of the coal material and plugging of 
the reactor. The runs were made with Scott coal (ID no. 
02-06-34), ground and screened to -100 +120 US mesh size. 
The conditions are shown in Table C2, and an analysis of the 
Scott coal is shown in Table C3. 
^The surface appeared as if it had passed through a liquid 
state, although it was probably a plastic condition 
typically observed at much higher temperatures in the 
absence of alkaline solutions. 
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128 
Tablr» C2 .. Coal runs 
Plugging; 
Run no. Temp (°F) Press (pslg) Reagent occurred 
17 650 3300 log NaOK Yes 
13 500 3300 10% NaOH Yes 
19 75-300°? 3400 log NaOH Yes 
39 o
 
o
 
o 600 2% NagCOg No 
41 30-520°? 500-1000 
. 5% NagCOg Yes 
The product from runs 17, l8 and 19 was a brown water 
soluble, benzene insoluble, sticky reside with the distinct 
odor of tar oil. The solid residue from run 17 was examined 
under a lifht microscope and appeared to be an agglomerated 
ball of coal particles, with a shiny, smooth surface. 
Run 19  was made by inserting the reactor into an ambient 
temperature bed and slowly increasing the temperature. The 
system was started on water. At 3000 seconds into the run 
the feed was switched to a 10% NaOK solution. At 3350 sec. 
the effluent turned dark brown. The bed temperature was 
300°F. The system AP increased until 3870 sec., at which 
time the outlet screen assembly failed at a 1000 PSI AP and 
the run was terminated. 
129 
Table C3- Typical Scott mine coal analysis - wt. % 
Proximate Analysis 
Volatile Fixed 
Moisture Ash Matter Carbon 
6.93 15.11 36.26 41.70 
Ultimate Analysis 
C H N S 0^ 
60.13 5.11 0.72 6.23 5.77 
Sulfur by type 
Pyritic Sulfate Organic 
3.36 0.87 2.00 
0 = 100-C-H-N-S-moisture-ash. 
^obtained by difference. 
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Run 39 was made with 2% Na^ Co^ and the solid product 
showed no external signs of severe degradation. No liquid 
samples were collected. 
Run 4l was made with .5% Na^ Co^, starting with a 30°P 
bed, and the temperature was increased until incipient 
plugging was evident. At 4200 seconds into the run, with a 
temperature of about 520°P, the AP across the bed began to 
increase and the run was terminated. The residue had the 
appearance of agglomerated chunks when viewed under a light 
microscope, similar to the appearance of the residue from 
run 17-
The temperatures at incipient plugging are believed to 
be indicative of the severity of the attack on the coal by 
the alkali, although it should be noted that this would 
probably not cause a continuous solids feed unit to plug, the 
packed bed reactor being much more susceptible to this 
problem. Insufficient data is available to compare the rel­
ative effects of carbonate and hydroxide on the coal, but 
the minimum temperature that caused plugging on the hydroxide 
runs was below that required for a reasonably rapid reaction, 
while the 300°F plugging temperature on the carbonate run 
could still allow commercially acceptable rates to proceed. 
Note that vastly different behavior in terms of the degree 
of degradation could be expected between different coal types. 
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Carbonate runs 
Fip;ure 45 shows C versus terminal sample time data 
so 
for run 30, made at 420°P with 5/^ Na^ Co . These results 
are typical except for the rate increase seen after 3000 sec. 
The lack of an early water peak (peak A, Figure 2) results 
from packing the reactor with Ng instead of water. The high 
initial rate is evident, as is the subsequent drop and rise 
(1000 - 2500 sec.). The rising rate period was not evident 
on all carbonate runs, but it should be noted that the ex­
perimental conditions during these runs were not as closely 
controlled as were the conditions during the hydroxide runs. 
Figure 46 shows X - t data for run 30, as well as runs 
28 and 32, all at 420°F with 5% Nag CO3. This figure il­
lustrates the variances seen in the X - t data at that stage 
of apparatus development. 
No effort was made to generate parametric data on this 
reaction, but from the number of runs made at various con­
ditions, an estimate of the effect of concentration, Re^ 
and V/P can be made. Figure 40 shows dX/dt data at 0, 2 and 
5% Na^ Co^, not all runs being at exactly the same value of 
V/P. 
Insufficient data are available to clearly separate the 
effects of Rep and V/F but Figure 48 shows some results that 
indicate a V/P plot fits the data better than the Re^ plot, 
only because the V/F plot accounts for all the data points 
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while the Rep plot has a stray point. 
Conclusions based on the scanty carbonate data avail­
able should be considered tentative, but the reaction appears 
to be first order in concentration and an effect of either 
V/F, perhaps similar to that observed on the hydroxide runs, 
or RCp is evident. 
Carbonate/oxygen runs 
Three runs were made while feeding excess quantities 
of gaseous Og to the process stream (5% Nag COg) ahead of 
the reactor assembly. Since there were problems with the 
method of feeding oxygen and the oxygen flow rate could not 
be measured, the results presented here are considered 
preliminary and perhaps not typical of what might be expected 
from this system. Figure 49 shows versus terminal sample 
time for runs 34 and 37 at 300'F and run 36 at 250°? using 
5% Na^ CO^ and what was intended to be excess 0?, the O2 
partial pressures in all runs were on the order of 30 atm. 
From the appearance of the data, run 34 probably did receive 
excess Og over the duration of the experiment, but run 37 
appeared to be Og deficient until after 1500 seconds. The 
results of run 36 were erratic, probably due to an erratic 
Og feed rate during the experiment. 
The X - t information from the three runs is displayed 
on Figure 50, along with the results of run 28 at 420°F 
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without Og. The substantial increase in rate when feeding 
0 is evident. 
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APPENDIX D: SUPPORTING DATA 
Table D-1 shows the conditions and results of the NaOH 
runs made during the course of this work. The values for 
dX/dt can be adjusted for aging by using the equation 
(dX/dt) ,, = dX/dt (1+2.3 t^ xlO'^) 
aaj. -u 
where t^ = days past 4-20-76. 
Figures 51 and 52 show values of k versus V/ P, un­
adjusted and adjusted for aging. Note that the trends are 
consistent with the dX/dt data presented earlier. 
I4l 
Table Dl. NaOH/pyrite runs 
Base conditions for the runs are: 
Temperature 420°F 
5% NaOH 
Particle size -100 +120 US mesh (138 microns) 
Pyrite I.D. 530 
Water pack startup 
Charge Flow dX/dt k 
Run 
No. Date 
size 
gm. 
rate 
ml/sec. 
V/F 
s e c .  
cm/sec. 
X 10^ 
1—6—7 6 4.89 0.90 2 . 5 0  0.05 d 
1-6-76 4.76 0.90 2 . 4 4  0.03, 
^ g a , b , e  3-18-76 5.28 0 . 9 0  2.70 Q d 
3-24-76 5 . 0 1  0 . 9 0  2 . 5 7  Q 
55^ 3-30-76 5 . 0 0  1.63 1 . 4 1  0.83 u 
ill 
4-1-76 4 . 0 0  2.16 0.85 2.50. d —^ 
4-6-76 4 . 0 0  1.63 1 . 1 3  U 
4-8-76 5.00 1.63 1 . 4 1  1.02 4.19 
59a 4-8-76 5.00 1.63 1 . 4 1  4 . 2 4  3 . 6 3  
60^ 4-9-76 5.00 0.90 2.56 2 . 0 2 ^  3 . 9 0 ^  
61^ . 
62^'^ 
4-10-76 5 . 0 0  1.63 1 . 4 1  _ _ d  _ _ d  
4-13-76 5.00 0.90 2.56 _ _ d  d 
63^ 4-20-76 5 . 0 0  1.63 1 . 4 1  2 . 0 6  3 . 9 1  
64^ 4-22-76 5 . 0 0  0.90 2.56 1 . 7 9  3 . 4 5  
65J 4-22-76 5 . 0 0  0.90 2.56 1 . 8 2  3 . 5 1  
66^ 4-24-76 5.00 1.63 1 . 4 1  —-— — — 
67^ . 4-24-76 5.00 1.63 1 . 4 1  1.89 3 . 5 6  
4-27-76 5.00 0 . 9 0  2 . 5 6  0 . 0 3 1 5  0.0608 
69^,1 4-27-76 5 . 0 0  0.90 2.56 0 . 0 4 1 2  0 . 0 7 9 5  
^Np Pack start-up. 
"No pyrite ID. 
CRun with deionized water (.0 % NaOH). 
d^ot computed. 
®350°F reaction temperature. 
^Results considered to be in error. 
82% NaOH. 
^10% NaOH. 
^Reactor packed with stainless chips-
Jo days on data adjustment for aging. 
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Table Dl. (continued) 
Run 
N o .  
jQa.,e 
71 
72e 73® 
72,1 
•75ni,n 
76°'P 
77 
78 
80 
81 
8 2  
83 
84 
86 
87 
89 
saS'f 
92?': 
94® 
97 
93^'Î 
Charge Plow dX/dt 
sec-J 
k 
s i z e  rate V/F cm/seç 
Date gm. ml/sec. sec. X 10^ X 10° 
4-27-76 5 . 0 0  0 . 9 0  2.56 0.160 0 . 3 0 8  
4-29-76 5.00 1.63 1 . 4 1  1 . 9 2  3.61 
4-29-76 5.00 1.65 1 . 3 9  2.09 4 . 0 5  
4-29-76 5.00 1.63 1 . 4 1  .236 . 4 4 7  
5-1-76 5.00 1.63 1 . 4 1  . 6 8  . 1 2 9  
5-1-76 5 . 0 0  1.63 1 . 4 1  1.23 5 . 7 8  
5-4-76 5.00 1.63 1 . 4 1  1.80 1 . 6 0  
5-4-76 5.00 3 . 2 7  0.70 1.72 3 . 4 7  
5-6-76 2.50 1.58 0 . 7 3  2.27 4 . 4 4  
6-9-76 5.00 1.63 1 . 4 2  1.32 1 . 1 5  
6-21-76 1 0 . 0 0  1 . 6 2  2 . 8 5  1 . 7 1  3 . 1 4  
6-21-76 1 5 . 0 0  1.61 4.29 1 . 4 2  2 . 6 4  
6-22-76 1 0 . 0 0  3.20 1 . 4 4  1 . 8 1  3 . 4 3  
6-22-76 5 . 0 0  4.89 0 . 4 7  1.29 2 . 5 4  
7-1-76 5 . 0 0  4 . 9 1  0 . 4 7  1 . 1 7  2 . 1 4  
7-8-76 2 . 5 0  1 . 6 4  0.70 1.81 3 . 3 8  
7-8-76 5.00 3 . 1 9  0.72 1.87 3 . 8 5  
7-15-76 5 . 0 0  3.18 0.72 1.81 3 . 5 7  
7-15-76 2 . 5 0  1.61 0.71 1 . 9 1  3 . 7 5 .  
7-20-76 5 . 0 0  1.62 1 . 4 2  1 . 5 2  U J 
7-20-76 5 . 0 0  1.63 1 . 4 1  2 . 4 4  Q 
7-28-76 5 . 0 0  1.61 1 . 4 3  1.54 d 
7-28-76 5 . 0 0  1.63 1 . 4 1  1.70 d 
7-29-76 5.00 1.61 1 . 4 3  1.56 Q /a 
7-29-76 5 . 0 0  1.63 1 . 4 1  1.78 Q ^ 
7-30-76 5.00 1.63 1 . 4 1  1.81 Q 
8-2-76 5 . 0 0  1 . 5 7  1. 4 7  1 . 2 2  5.56 
8-2-76 5 . 0 0  1 . 6 0  1 . 4 4  1 . 2 6  5 . 8 7  
^250°F reaction temperature . 
300°? reaction temperature . 
^-40 + 60 mesh oarticles (335 micron dia.) 
^%rite ID 750 . 
-200 + 230 mesh particles ( 6 °  micron dia.) 
PPyrite ID 760. 
°%n aborted due to excessive AP in packed bed. 
^ P y r i t e  I D  9 1 0 .  
^Reactor packed upstream and downstream from charge 
with AlgOochips. 
Pyrite ID 980. 
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Table Dl. (continued) 
Run 
No. Date 
Charge 
size 
gm. 
Flow 
rate 
ml/sec. 
V/P 
sec. 
dX/dt 
rJ k cm/sec. X 10° 
101°'^ 8-3-76 
8-6-76 
8-9-76 
5.00 
5.00 
5.00 
1.60 
1.60 
1.57 
1.44 
1.44 
1.47 
1.46 
1.38 
1.66 
1.37 
5.04^ 
^Pyrite ID 1001. ^ 
v_50 + 60 mesh pyrite (275 micron dia.) ID 1005. 
"Pyrite ID 1004. 
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